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12 May 2026

The Secretary
An Coimisiún Pleanála
64 Marlborough Street
Dublin 1, D01 V902

Re:  Objection to the proposed Maughanaclea Wind Farm
Planning Reference: ACP-324165-26 / 324165
Applicant: Maughanaclea Wind Farm Ltd (Enerco)

Dear Sir or Madam,

I am writing to object to the proposed wind farm at Maughanaclea. I am not a 

planner and I am not a lawyer. I am a person who moved from Cork city out to the 

Mealagh Valley because of what this valley is — quiet, dark at night, alive with 

creatures, and far enough from a town for the soul to settle. That is what I came 

here for. That is what fourteen industrial wind turbines, each one a hundred and 

sixty-nine metres tall to the blade tip, will take away. I would like the Commission 

to read what follows and to understand that for me this is not an abstract planning 

matter. It is the place I have made my home.

What I came here for

Goulanes sits on the southern side of the Mealagh Valley. From my home and 

garden, the ridgeline north of us is the dominant feature — it is the line of the 

horizon, the shape of the sky. The developer’s own Landscape and Visual Impact 

Assessment at Chapter 13 confirms that the proposed turbines will sit on that 

ridgeline,  between  two  hundred  and  twelve  metres  and  three  hundred  and 

seventy-six metres above sea level, deliberately chosen for prominence and wind 

exposure. Chapter 13 §13.4.1.1.3 also confirms that the landscape I live in is 

classified in the Cork County Development Plan as both High Landscape Value 

and High Landscape Sensitivity. These are not labels I am inventing. They are the 

developer’s own categorisations of the place where it proposes to build.

More than that: in Chapter 3 §3.2.5.2.2 of the EIAR the developer itself records 

that,  in  an earlier  nineteen-turbine layout,  turbines T08,  T14 and T19 were 

removed for the express reason that they would have caused “direct landscape 

effects” on the adjoining High Value Landscape. So the developer accepts the 

principle that a High Value Landscape designation should stop turbines from 



being built. It then chooses to put fourteen of them on a ridge which is itself High 

Landscape Value and High Landscape Sensitivity under the same Development 

Plan. I cannot follow that logic and I would ask the Commission not to follow it 

either.

Turbines of this height — again, one hundred and sixty-nine metres, more than 

twice as tall as The Elysian in Cork city, which is the tallest building in Cork — will 

dominate the view from my home, from my garden, from every walk and drive I 

take in this valley, and from the homes of my neighbours. Chapter 13 §13.6.5.4.1 

admits that at viewpoint VP16 the turbines will consume approximately forty-four 

per cent of the visible horizon, roughly one hundred and fifty-seven degrees of 

three hundred and sixty. That is not a discreet addition to a landscape. That is the 

landscape being replaced.

·   ·   ·

What will be lost — for the animals, the birds, the night sky

There is also the question of what this will do to the animals, the birds, and the 

night sky — and that, for me, is the part of this proposal that distresses me most. 

The site is upland blanket bog, wet heath and dry heath — priority habitats listed 

under Annex I of the EU Habitats Directive. The developer’s own Chapter 6 

(Biodiversity) confirms this. It is also habitat for the pine marten, the red squirrel, 

the Irish hare, and lies within the catchments of the Owvane and the Mealagh 

rivers,  which  are  designated  sensitive  catchments  for  the  Freshwater  Pearl 

Mussel  under  Statutory  Instrument  No.  296  of  2009.  The  Freshwater  Pearl 

Mussel is one of the most critically endangered species we have. It cannot survive 

disturbed or silted water. The developer proposes eighteen to twenty-four months 

of haul roads, excavations, four borrow pits, peat handling and concrete pouring 

on the slopes above two such catchments. That is not a project that can be 

reconciled with the protection of those species.

The site has confirmed presence of Hen Harrier and Peregrine Falcon — both 

Annex I  species  under  the EU Birds  Directive.  The White-Tailed Sea Eagle, 

re-introduced to West Cork at considerable public expense, has been recorded 

foraging  in  this  area.  The  European  Court  of  Justice  has  confirmed,  in 

Commission v Ireland (Case C-418/04), that the protections owed to Annex I bird 

species apply outside designated Special Protection Areas as well as inside them. 

The NPWS specifically warned the developer in scoping that ridges above valleys 

are exactly where eagles use orographic lift to gain altitude. Putting fourteen 

rotating blades on this ridge, at the height a soaring eagle uses, is not a risk that 

can be designed away.  I  attach as  Appendix  A photographs of  some of  the 

protected wildlife recorded in this area, so that the Commission may see the 

creatures whose homes are at issue.



On the night sky: fourteen turbines at one hundred and sixty-nine metres tip 

height will be required to carry aviation warning lights. The Mealagh Valley is 

presently a near-pristine night-sky environment. I attach as Appendix B a 2024 

peer-reviewed  study  by  Bará  and  Lima  in  the  Journal  of  Quantitative 

Spectroscopy and Radiative Transfer which quantifies medium-intensity turbine 

aviation lights as brighter than Venus up to roughly four kilometres from the 

turbine, and brighter than the brightest star in the night sky out to approximately 

ten kilometres. Aviation lighting will harm bats, owls and moths, the nocturnal life 

this place still supports. It will be seen from Wild Hideaways Eco Retreat — the 

only registered tourist accommodation premises in the Mealagh Valley, identified 

by name in the developer’s own Chapter 5 Tourism Impact Assessment — and 

from the eleven other Airbnb premises which the same chapter records within 

five kilometres of the site. The Programme for Government 2025 commits the 

State  to  expanding  Dark  Sky  reserves.  This  project  foreseeably  destroys  a 

near-pristine night sky. The two cannot be reconciled.

·   ·   ·

Health, sleep, and what fourteen turbines do to a household

I am writing on my own behalf,  but I have to speak about the health of my 

household. There is a member of my household whose condition can be made 

worse by disturbed sleep and by persistent low-frequency or modulated sound. I 

attach  as  Appendix  C  the  2015  peer-reviewed  systematic  review  and 

meta-analysis  by  Onakpoya  and  colleagues,  published  in  Environment 

International, which finds a statistically significant increase — odds ratio 2.94 — 

in the reporting of sleep disturbance among people exposed to wind turbine noise 

compared with those who are not. The same study finds significantly increased 

annoyance, with effects beginning at sound pressure levels of around thirty-five 

decibels. The chapter does not, and the developer does not, address what these 

findings mean for the household which actually has to live with the turbines for 

thirty-five years.

The noise assessment in the EIAR has not properly addressed the terrain of this 

valley. I attach as Appendix D the 2017 peer-reviewed paper by Van Renterghem 

in the Philosophical Transactions of the Royal Society, which is specifically about 

sound propagation from a ridge wind turbine across a valley. It is the closest 

available match in the published literature to the geometry of this site — turbines 

on a ridge above a valley containing homes. The standard ISO 9613-2 method 

which the developer’s noise consultants use does not capture the focusing and 

channelling effects which Van Renterghem’s modelling identifies for exactly this 

kind of terrain. To rely on flat-terrain methodology in a deeply incised, hilly valley 

is not adequate.



I raise noise formally as a ground of objection. My concerns include night-time 

noise, low-frequency noise, and amplitude modulation; the inadequate selection 

of background monitoring locations (only six locations were used to represent 

seventy-nine sensitive receptors, and they were selected within the predicted 

thirty-five  decibel  Lₐ₉₀  contour  — a  circular  method  that  excludes  the  very 

quietest  places  in  the  valley,  such  as  eco-retreats  and  bed-and-breakfast 

properties); and the eighteen to twenty-four months of construction-phase rock 

breaking and possible  blasting from four borrow pits,  the noise from which 

Chapter 12 itself predicts at fifty-nine decibels Lₐₑₖ at the closest receptor for 

blasting  and  forty-eight  decibels  Lₐₑₖ  for  rock  breaking,  and  admits  will  be 

“audible at some locations” with air overpressure that is “difficult to control”. In a 

hill-rimmed valley like this one, rock breaking does not just travel — it echoes.

I also have to mention, with real concern, the closures of the R586 during the 

construction phase. The R586 is the route from this valley to Cork hospitals and to 

specialist medical care. Closures of the order of weeks or months on the road that 

connects a rural community to Cork University Hospital are not a matter that can 

be deferred to a traffic management plan and called “mitigated”. For a household 

where access to a hospital may be a question of hours, this is a serious safety 

concern.

My home is also within range of potential shadow flicker. The EIAR shadow flicker 

chapter is inconsistent on its own face about how many receptors it has assessed 

— §5.2.3.5 and §5.3.5.3 give seventy-nine, §5.3.6 gives one hundred and two, and 

the  receptor  table  itself  runs  to  H087.  Eight  dwellings  are  admitted  to  be 

predicted to exceed the thirty-hour annual statutory threshold for shadow flicker 

even after a Met Éireann sunshine correction — including individual properties at 

seventy-three,  ninety-eight  and  one  hundred  and  three  hours  per  year  of 

predicted exposure. Mitigation is by software within the turbines themselves, for 

thirty-five years, on the developer’s word and with no independent enforcement 

mechanism specified. That is not a reassurance.

·   ·   ·

Water, peat, and what the slope above this house is made of

I rely on a private well. No baseline testing of private wells has been undertaken 

by the developer. This is true of every household in the Mealagh Valley I know of. 

There is no “before” against which any future contamination, turbidity or yield 

reduction can be measured. The proposed turbine bases, borrow pits and access 

tracks involve substantial  excavation in peat  and in steep peaty slopes.  The 

Geological Survey of Ireland’s Landslide Susceptibility Map shows the site as 

moderate-to-high  susceptibility.  There  has  been  a  documented  peat  slide  at 

Goulacullin  within  four  kilometres  of  this  site.  Once  a  peat  slide  enters  a 

watercourse it travels for kilometres and it does not come back. Construction is to 



last eighteen to twenty-four months and to involve four borrow pits, twenty-seven 

kilometres of cabling, and turbine foundations on slopes the developer itself 

describes as steep. The risk is not theoretical.

·   ·   ·

What was here before us — the heritage of this place

The Mealagh Valley is, by the developer’s own count in Chapter 14, surrounded 

by  an  extraordinary  cluster  of  prehistoric  monuments  —  eleven  recorded 

archaeological sites within the wind farm site, two hundred and ten within five 

kilometres, and six National Monuments within ten kilometres. The Kealkill Stone 

Circle, two and a half thousand years old, sits under Preservation Order PO 

69/1938 and is two and a third kilometres from the proposed turbines. Chapter 14 

admits, in its own words, that the visual effects on the setting of these monuments 

“cannot be mitigated”. That is the developer’s consultants saying that what they 

propose will permanently change how these monuments are seen and felt, and 

that nothing they can do will undo it. I do not think the Commission should permit 

a  development  whose  own  cultural  heritage  consultants  admit  cannot  be 

mitigated.

·   ·   ·

How this proposal has been put to the community

The developer held its public information event for this proposal not in the valley, 

and  not  in  Kealkill,  but  in  the  Westlodge  Hotel  in  Bantry,  more  than  nine 

kilometres from the site. Direct household notification reportedly extended only 

to a two-kilometre buffer, even though the developer’s own Landscape and Visual 

Impact Assessment study area extends out to between five and fifteen kilometres, 

and the shadow flicker study area to  one point  three three kilometres.  The 

consultation area is a fraction of the impact area. The Tourism Impact Assessment 

in Chapter 5 itself names Wild Hideaways Eco Retreat in the Mealagh Valley as 

the only registered tourist accommodation within five kilometres of the site — yet 

the developer’s Community Engagement Report (Appendix 2-1) confirms that no 

tourism business  in  the  valley  was  consulted  at  all.  None  of  this  gives  me 

confidence  that  the  developer  is  engaging  honestly.  I  was  not  given  clear 

information about the turbine size, the road works, or the construction phase. I 

had to find out from neighbours and from the EIAR itself.

This project is not community-owned. The profits leave the area. The community 

has not  given meaningful  consent to this  development.  A small  “Community 

Benefit Fund”, paid out of the same revenues we are being asked to surrender our 

valley  to  generate,  is  not  consent.  It  is  compensation  —  and  inadequate 

compensation — for a transformation we did not ask for and do not want.

·   ·   ·



A question I would like the Commission to consider

I support climate action. I do not say that lightly — I say it because it is true. But 

this proposal does not present itself as climate action against doing nothing. It 

presents itself as climate action against the survival of irreplaceable habitat, the 

homes of protected species, prehistoric heritage that is two and a half thousand 

years old, a near-pristine night sky, and the wellbeing of every household and 

every animal in this valley. Better-sited alternatives — offshore wind, brownfield 

sites, rooftop solar at scale — do not require any of these to be sacrificed.

So the question I would like the Commission to consider is this. How can it be 

justified to permit a wind farm in a place that the developer itself, in its own 

Landscape and Visual Impact Assessment, classifies as High Landscape Value and 

High Landscape Sensitivity;  in  two Freshwater Pearl  Mussel  catchments;  on 

Annex I priority habitat; on land used by Annex I bird species; in a near-pristine 

night-sky environment;  in  a tourism destination explicitly  identified in Fáilte 

Ireland’s own West Cork Coast Destination and Experience Development Plan; 

surrounded by six National Monuments within ten kilometres; and against the 

wishes of the community that lives here — when half the country produces no 

wind energy at all, and Cork and Kerry together already generate more than the 

remaining twenty-four counties combined? That is the question. I do not believe a 

reasoned answer can be given.  I  respectfully  ask  the Commission to  refuse 

permission.

I would be grateful if my submission could be acknowledged in writing.

Yours faithfully,

________________________________
Laura Orsevska
Goulanes, Bantry, Co. Cork, P75 PX73
Approximately 2 km from the nearest proposed turbine



APPENDICES

Appendix A — Photographs of protected wildlife recorded in the area: pine 
marten, red squirrel, Irish hare, and other Annex II / Annex IV species whose 
habitat is at issue.

Appendix B — Bará, S. & Lima, R.C. (2024). “Quantifying the visual impact of 
wind farm lights on the nocturnal landscape.” Journal of Quantitative 
Spectroscopy and Radiative Transfer 329, 109203.

Appendix C — Onakpoya, I.J., O’Sullivan, J., Thompson, M.J. & Heneghan, C.J. 
(2015). “The effect of wind turbine noise on sleep and quality of life: A 
systematic review and meta-analysis of observational studies.” Environment 
International 82, 1-9.

Appendix D — Van Renterghem, T. (2017). “Sound propagation from a ridge 
wind turbine across a valley.” Philosophical Transactions of the Royal Society A 
375, 20160105.



APPENDIX A
Protected wildlife recorded in the area surrounding the proposed development

Pine Marten (Martes martes) — Annex V species under the EU Habitats Directive;  
protected under the Irish Wildlife Acts. Recorded in the area surrounding the proposed 

development.

Red Squirrel (Sciurus vulgaris) — protected under the Irish Wildlife Acts; population  
threatened across much of Ireland by habitat loss. Recorded in the area surrounding 

the proposed development.

Irish Hare (Lepus timidus hibernicus) — Annex V species, endemic to Ireland; protected 
under the Irish Wildlife Acts. Recorded by trail camera in the area surrounding the  

proposed development.



Eurasian Jay (Garrulus glandarius) — protected under the Irish Wildlife Acts; key seed-
disperser of native oak woodland. Recorded in the area surrounding the proposed 

development.
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c IA – Instituto de Astrofísica e Ciências do Espaço, Univ Coimbra, Portugal

A R T I C L E  I N F O

Keywords:
Light pollution
Wind farms
Nocturnal landscape
Environmental impacts assessment
Naked eye astronomy
Atmospheric extinction

A B S T R A C T

Wind farm lights are a conspicuous feature in the nocturnal landscape. Their presence is a source of light 
pollution for residents and the environment, severely disrupting in some places the aesthetic, cultural, and 
scientific values of the pristine starry skies. In this work we present a simple model for quantifying the visual 
impact of individual wind turbine lights, based on the comparison of their brightness with the brightness of well- 
known night sky objects. The model includes atmospheric and visual variables, and for typical parameters it 
shows that medium-intensity turbine lights can be brighter than Venus up to ~4 km from the turbine, brighter 
than α CMa (the brightest star on the nighttime sky) until about ~10 km, and reach the standard stellar visibility 
limit for the unaided eye (mv = +6.00) at ~38 km. These results suggest that the visual range of wind farms at 
nighttime may be significantly larger than at daytime, a factor that should be taken into account in environ
mental impact assessments.

1. Introduction

The need to reduce dependence on fossil fuels has fostered the 
development of renewable energy sources. This process has been 
accelerated in the last years due to the pressing urgence to address 
anthropogenic climate change and achieve higher levels of energy sov
ereignty. Among renewable sources, wind power energy is nowadays a 
crucial player.

The installation of new wind power facilities, both onshore and 
offshore, has not come without problems. Wind farms generate a wide 
range of environmental impacts [42,64], including but not limited to 
serious avian [30,34,50], and bat fatalities due to collisions [37,62,66,
73] as well as changes in habitat use [41,67]. The sustainability of large 
offshore wind farms, planned or in construction, has been subjected to 
critical review in some recent European evaluations [20,45].

Besides their effects on biodiversity, wind farms also affect humans 
through the combined impacts of noise, lights (direct obstruction lights 
and stroboscopic effects of rotating blade shadows), and visual land
scape degradation [48]. The annoyance produced by wind farm lights on 
neighboring communities has deserved growing attention in recent 
times [11,58,59,63].

The visual landscape degradation produced by wind farms has been 

evaluated mostly for daytime, based on turbine visibility estimates 
(limited by the contrast luminance thresholds in daylight) combined 
with different spatial aggregation metrics, see e.g. [31,36]. Compara
tively less attention has been given to the deleterious effects of wind 
farm lights on the nighttime landscape (Fig. 1). The nightscape is an 
essential element of the human experience, whose cultural, social, sci
entific, and aesthetic values are assets of the intangible heritage of hu
mankind [49]. As set forth by the Natural Sounds and Night Skies 
Division of the USA National Parks Service "a naturally dark night sky is 
more than a scenic canvas; it is part of a complex ecosystem that sup
ports both natural and cultural resources" [56]. Borrowing from Rich 
and Longcore [61] on conservation planning, it can certainly be said that 
daytime landscapes are "only half the story–the daytime story".

In this work we present a model for quantifying the primary visual 
effect of wind farm lights on the nocturnal landscape. It is based on 
considering wind farm lights as artificial stars and applying to them the 
metrics used in visual astronomy to quantify their perceived brightness. 
That way they can be compared with the stars and other natural bodies 
present on the sky, facilitating an easy and intuitive evaluation of the 
disruption caused to the pristine nightscape. The model incorporates 
atmospheric and perceptual parameters. Although it is formulated in 
terms of human-based photometric (in lighting engineering language) or 
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visual band (in astronomical language) quantities, its generalization for 
arbitrary spectral distributions and observation bands is immediate. 
Wildlife shows a rich variety of spectral response curves [46], and 
several species have been reported to be able to use celestial cues, 
including individual stars, for orientation during the night (for a review, 
see [22]). The visibility model here developed provides the basic 
building block from which overall visual impact assessments can be 
derived with the help of different spatial aggregation metrics.

2. Methods

2.1. Retinal images of resolved and unresolved objects

The visual brightness of an object depends on several radiometric 
and anatomical factors, besides the physiological and neural ones. The 
basic inputs to the visual system are the photon catches of the retinal 
photoreceptor cells. The number of photons captured by an individual 
photoreceptor in each wavelength interval [λ, λ + Δλ] during the time 
Δt is proportional to S(λ)E′(λ)ΔλΔt, where S(λ) is the spectral sensitivity 
of the photoreceptor and E′(λ) is the spectral irradiance of the object’s 
retinal image at the photoreceptor location. Wavelength values are here 
referred to vacuum. Hereafter we explicitly make reference to human 
eyes. However, the basic equations described below can also be applied 
to "camera-like" eyes of other species, many examples of which exist in 
nature (for a review, see [38]), by adapting the corresponding 
geometrical, optical, and spectral sensitivity parameters.

The spectral irradiance is defined as the radiant flux (photons⋅s–1) 
per unit surface and unit wavelength interval, and is measured in pho
tons⋅s–1⋅m–2⋅nm–1. The spectral irradiance E′(λ) at each retinal location 
can be approximately described by: 

Eʹ(λ) = Te(λ) L(λ) Ω
Ap

Ai
cosθ (1) 

where Te(λ) is the spectral transmittance of the ocular media (unitless), L 
(λ) is the object radiance (photons⋅s–1⋅m–2⋅sr–1⋅nm–1), Ω is the solid 
angle (sr) subtended by the object as seen from the observer, Ap is the 
area of the input pupil of the eye (m2), Ai is the area of the retinal image 
(m2), and θ is the angle between the direction in which the object lies 
and the line perpendicular to the eye pupil. Eq. (1) can be equivalently 
rewritten in terms of E(λ) = L(λ)Ωcosθ, the spectral irradiance produced 
by the object on the eye pupil, as: 

Eʹ(λ) = Te(λ) E(λ)
Ap

Ai
(2) 

In a perfect imaging system, according to geometrical optics, the 

image would be an exact scaled replica of the object. The area of the 
image would be proportional to the solid angle subtended by the object, 
Ω, such that Ai = κΩ, being κ a constant (units m2) independent from the 
object. For a perfect imaging system, then, the object feature that de
termines the input to the photoreceptor cells is its spectral radiance, L 
(λ), since the solid angle Ω cancels out in Eq. (1): 

Eʹ(λ) = Te(λ) L(λ)
Ap

κ
cosθ (3) 

and the remaining factors only depend on the eye.
Human eyes, however, are not perfect optical instruments. The eye 

optics deforms the ideal images to a bigger or lesser extent due to 
diffraction by the finite size of the eye pupil [13], refractive errors 
including both classical ametropies and high-order optical defects [15,
28,43,44,47,53,54,55,60,69,70], and intraocular scattering due to 
small-scale inhomogeneities of the eye media [8,71,72]. The retinal 
image in a real eye is no longer an exact scaled replica of the object itself.

The actual image of an object on the human retina is given by the 
two-dimensional convolution of the ideal geometric image with the 
point-spread function of the eye, PSF [25]. The PSF is the function that 
describes how the eye optics deforms the image of an ideal point source. 
Human eyes present a high variability of PSF sizes and shapes. This 
convolution gives rise to a new irradiance distribution that combines the 
features of the convolved functions. The retinal image can be interpreted 
as a ’blurred’ version of the perfect geometrical image, in which each 
point has been replaced by a PSF proportional to the object radiance at 
that point and the resulting irradiances have been added up.

In the limiting case of well resolved objects, that is, when the angular 
size of the object is much larger than the angular size of the PSF, the 
result of the convolution is a slightly blurred version of the ideal 
geometrical image, and Eq. (3) still approximately applies.

Conversely, when the angular size of the object viewed by the 
observer is substantially smaller than the angular size of the eye’s PSF, as 
it happens e.g. with a star or distant streetlight, the retinal image is 
essentially equal to the PSF itself. In such cases, one may speak of un
resolved objects. The retinal images of unresolved objects located in 
different directions of the central visual field are just replicas of the PSF 
centered in different retinal points. All these images have the same shape 
and size, only differing in brightness [4,54,55].

This result has important visual consequences. One of them is that 
the main physical factor determining the perceived brightness of an 
unresolved object is not the intrinsic object’s radiance, as in the well- 
resolved case, but the irradiance E(λ) it produces on the eye pupil. 
This happens because the area of the retinal image is no longer pro
portional to the object’s solid angle, as in case of a perfect system (Ai =

Fig. 1. Nigthtime landscape with wind farm obstruction lights in Miranda do Corvo, Serra da Lousã, Portugal (40◦02′42.98″N, 8◦16′30.84″ W). Image credit: Raul 
C. Lima.

S. Bará and R. C․ Lima                                                                                                                                                                                                                        Journal of Quantitative Spectroscopy and Radiative Transfer 329 (2024) 109203 

2 



κΩ), but it is constant and equal to the area of the PSF, Ai = APSF. For an 
unresolved object Eq. (2) becomes: 

Eʹ(λ) = Te(λ) E(λ)
Ap

APSF
(4) 

in which the object intervenes through E(λ), since the remaining factors 
depend only on the eye.

The pupil size depends, among other factors, on the ambient light 
level and the age of the observer, with large variability between in
dividuals [40]. The PSF size, which also shows large inter-individual 
variability in healthy eyes due to the differences in uncompensated 
ametropies, high-order eye refractive defects, and intraocular scattering 
commented above, depends on a non-monotonic way on the pupil size. 
Diffraction makes the PSF size to increase when the pupil size decreases, 
being dominant for pupils smaller than ~2 mm diameter; the contri
bution of the residual uncompensated ametropies, higher-order defects 
and intraocular scattering, in turn, varies in the opposite way, typically 
determining the PSF size for pupils of diameter ~4 mm and larger. 
Consequently, the best optical quality in healthy human eyes is usually 
achieved with pupils in the range of 2–3 mm diameter. For graphical 
depictions of actual PSFs see [5,54,55].

In terms of human visual (photometric) quantities, the irradiances 
and radiances outside the eye correspond to illuminances and lumi
nances, respectively. The illuminance Ev, measured in lux (lx), is the 
integral over wavelengths of the spectral irradiance E(λ) weighted by the 
photopic luminous efficiency function V(λ) and multiplied by the lu
minous efficacy constant 683 lm/W [16]. The luminance Lv, measured in 
candela per square meter (cd⋅m–2), is the analogous integral applied to 
the spectral radiance L(λ). The cd is the unit of luminous intensity, Iv (1 
cd = 1 lm⋅sr–1), being the only basic unit of the International System 
[10] whose definition is strictly tied to human visual perception. The cd 
links perceptual to physical stimuli, and by its own definition it takes 
implicitly into account the transmittance of the ocular media, Te(λ), the 
spectral sensitivity of the photoreceptors, S(λ), and the basic neural 
processes related to the perception of luminance.

2.2. Illuminance produced by wind turbine lights on the eye pupil of the 
observer

The illuminance Ev produced by an unresolved wind turbine light on 
the eye pupil of an observer located a distance r away is: 

Ev(r, θ) = T0(r) Iv(α)
cosθ
r2 (5) 

where T0(r) is the transmittance of the atmosphere between the wind 
farm light and the eye, Iv(α) is the luminous intensity of the wind turbine 
light sent towards the observer, being α the direction in which the 
observer is located as seen from the turbine, and θ is the angle between 
the normal to the pupil and the direction where the wind turbine light is 
located as seen from the observer. This equation, published in simplified 
form by Allard one and a half century ago [2,14] stems from the basic 
definition of these photometric quantities and the properties of light 
propagation in attenuating media. The formulation of Eq. (5) in terms of 
the luminous intensity of the wind turbine lights Iv is particularly useful, 
because this is the photometric quantity specified for the different types 
of obstruction lights in the ICAO recommendations [32], and whose 
values have been generally adopted by the wind farm legislations, e.g. 
AESA [1].

For light propagation paths at angles close to the horizontal, and 
direct visual fixation on the turbine light (θ = 0◦, cosθ = 1), Eq. (5)
becomes 

Ev(r) = Iv
e− kr

r2 (6) 

where Iv = Iv(α), and the atmospheric transmittance T0(r) is described by 

the Bouger-Lambert exponential law T0(r) = e− kr, being k the combined 
molecular and aerosol attenuation coefficient per unit length (m–1) at 
the average altitude above sea level of observer and lights.

2.3. How bright are wind turbine lights compared to the stars and planets 
of the natural sky?

The visual brightness of the stars and other unresolved point-like 
sources on the sky is commonly reported in astronomy in terms of "as
tronomical magnitudes". The astronomical magnitude is a negative 
logarithmic scale for expressing the in-band irradiance produced by a 
star, relative to some reference irradiance. This scale was qualitatively 
introduced by Hipparchus (c. 190–c. 120 BCE) and formalized in the 
19th century [57]. The magnitude scale is also applied to illuminances 
Ev, taking as traditional reference the illuminance produced by the star 
Vega (α Lyr) at the top of the terrestrial atmosphere, Ev,ref = Ev,Vega =

2.54 × 10− 6 lx [3,6,7]. According to the basic definition of this scale, an 
unresolved celestial object producing an illuminance Ev (in lx) at the top 
of the terrestrial atmosphere has a visual magnitude mv given by 

mv = − 2.5log10

(
Ev

Ev,ref

)

(7) 

Conversely, the illuminance at the top of the atmosphere in terms of 
the magnitude is 

Ev = Ev,ref × 10− 0.4 mv (lx) (8) 

It is conventionally but somehow arbitrarily accepted that an 
average observer may detect stars up to mv ≈ 6.0. As a matter of fact, the 
limiting visual magnitude of the unaided eye depends on many factors, 
including the luminance contrast threshold of the observers at the 
luminance adaptation level they are experiencing, the state of the at
mosphere, and the artificial skyglow and glare (two effects of light 
pollution) at the observer location. For a detailed analysis see [8,17,65].

When a star is observed from the ground, its extra-atmospheric 
illuminance is reduced due to the attenuation undergone by the light 
rays along their path through the whole atmosphere. This can be 
accounted for by an atmospheric transmittance term 

Tatm(z) = exp{− M(z) τ} (9) 

where z is the angle from the star to the zenith, τ is the atmospheric 
vertical optical depth, and M(z) is the air mass number. The atmospheric 
optical depth is given by τ = τm + τa, where τm and τa are the molecular 
(MOD) and aerosol (AOD) optical depths, respectively, defined in terms 
of the corresponding vertical profiles of the molecular km(h), and aero
sol, ka(h), extinction coefficients [35] as: 

τi =

∫∞

h=0

ki(h) dh , i ∈ {m, a} (10) 

For an exponential atmosphere in which km and ka decrease expo
nentially with the altitude h, with scale heights Hm and Ha, respectively, 
we have 

τi =

∫∞

h=0

ki(0) e− h/Hi dh = ki(0) Hi , i ∈ {m, a} (11) 

being ki(0) the value of the attenuation coefficients at ground level. 
Typical values for the exponential scale heights are Hm = 8 km and 
Ha=1.5 km. The value of τm at sea level at the center of the visible 
spectrum is about 0.09–0.11, see [68] for detailed expressions, and the 
aerosol optical depth τa may range typically from 0.1 or smaller for clear 
atmospheres to 0.5 and larger for more turbid ones, being able to reach 
much higher values [19,24,29]. Note that the coefficient k appearing in 
Eq. (6) can be written as 
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k = km(0) + ka(0) =
τm

Hm
+

τa

Ha
(12) 

Regarding the airmass factor, for zenith angles not extremely close to 
the horizon its value can be calculated as M(z) = 1/cosz. The number of 
air masses increases very quickly at angles close to the horizon, for 
which more accurate expressions shall be used [33]. For the zenith, M 
(0◦) = 1.

The atmospheric transmittance in Eq. (9) can be expressed as an 
equivalent extinction value mext(z)in magnitudes. The magnitude mv(z) 
of a star observed from ground at a zenith angle z (angle above the 
horizon 90◦ − z) is: 

mv(z) = − 2.5log10

[
Tatm(z) Ev

Ev,ref

]

= − 2.5log10

(
Ev

Ev,ref

)

− 2.5log10[Tatm(z)]

(13) 

that can be rewritten as 

mv(z) = mv + mext(z) (14) 

being mv the extra-atmospheric magnitude given by Eq. (7), and mext(z) 
the extinction term mext(z) = 2.5M(z)τ log10(e). Recall that larger (=
more positive) values of mv(z) correspond to dimmer objects, due to the 
negative sign of the log scale magnitude definition.

The brightness of the wind farm lights can also be expressed in as
tronomical magnitudes, allowing that way comparing them with the 
natural stars. This could be done in a naïve way by directly applying Eq. 
(7) to the illuminance produced by the lights on the observer’s eye pupil, 
Ev(r), given in Eq. (6). There is, however, an issue that shall be kept in 
mind. Whereas the astronomical magnitudes refer to the irradiance 
produced by a celestial object at the top of the atmosphere, the light from 
wind farms reaches the observer after propagating some finite distance 
nearly horizontally at the bottom of the atmosphere. Furthermore, the 
brightness of a star seen from ground is not constant, but depends on its 
altitude above the horizon, or, equivalently, on its corresponding zenith 
angle z as set forth in Eq. (13). Comparing the visual appearance of wind 
farm lights with the appearance of stars requires choosing first a refer
ence altitude above the horizon at which the comparison stars are seen.

Once the reference zenith distance z is chosen, one can easily assign 
to the wind farm light the extra-atmospheric magnitude mv of a star 
whose brightness at this z would be the same as the brightness of the 
wind farm light perceived by the observer. According to Eqs. (6) and (7)
this magnitude is: 

mv = − 2.5log10

[
Iv e− kr

r2 Tatm(z) Ev,ref

]

(15) 

Note that the transmittance Tatm(z) is in the denominator, since we 
are calculating the extra-atmospheric irradiance that would result in the 
irradiance Ev(r) at ground level after propagating through the atmo
sphere at a zenith angle z. This can alternatively be interpreted as using a 
reduced Tatm(z)Ev,ref reference illuminance for establishing the ’zero 
point’ of a new magnitude scale defined on irradiances at ground level, 
not at the top of the atmosphere.

Regarding the choice of z, comparing the wind farm lights with stars 
at the zenith (altitude 90◦, z = 0◦, M(0◦) = 1) is always an option, 
although to perform in practice this comparison the observers should 
successively direct their gaze horizontally to the wind farm and verti
cally to the zenith sky, because the possibility of simultaneous viewing 
(although theoretically possible, given the size of the monocular field of 
view of the human eye along the vertical axis, ~60◦ upward and ~75◦

downward) would require that both light sources were imaged in dia
metrally opposed locations of the peripheral retina. Comparing wind 
farm lights with stars at the horizon would neither be a practical choice, 
since the attenuation of starlight in that direction is usually extremely 
high excepting for very clear atmospheres (τ ≪ 0.05), due to the large 
number of air masses, M(90◦) ≈ 38 [33]. For instance, for τ = 0.2 the 

extinction at the horizon is of order mext(90◦) = +8.25 magnitudes. For 
our present purposes an intermediate altitude above the horizon, well 
within the visual field of an observer looking horizontally at the lights, is 
appropriate. For the following sections we will use a reference altitude 
of 30◦ (z = 60◦, M(60◦) = 2.0). The conversion of our results for other 
possible choices of the altitude above the horizon of the comparison 
stars is immediate.

3. Results

Fig. 2 shows the equivalent top-of-the-atmosphere (TOA) astro
nomical magnitude mv of a wind farm light (for a reference altitude of 
30◦ degrees above horizon, z = 60◦, M(60◦) = 2.0), as a function of the 
distance to the viewer, r. The atmospheric parameters are τm = 0.10, τa 
= 0.20, Hm = 8000 m and Ha = 1500 m. The results were calculated for 
nighttime obstruction lights of medium-intensity, Iv = 2000 cd, and for 
two levels of low-intensity, Iv = 200, and Iv = 40 cd [1,32]. The 
extinction coefficient at ground level is k = 1.46 × 10− 4 m–1, corre
sponding to a daytime visual range of ~26 km. The horizontal lines 
show the astronomical magnitudes in the Johnson-Cousins V band [9] of 
several conspicuous objects on the sky, namely the Moon, mv = − 12.73 
(full Moon at mean distance from Earth, near opposition but not 
including the opposition surge, [3] p. 144), Venus, mv = − 4.22 (mean 
magnitude of Venus at maximum elongation, [3] p. 144), and the star 
Sirius (α CMa), mv = − 1.45 ([3] p. 240). The standard human star vis
ibility limit with the unaided eye, mv = +6.00, is also shown. In the 
Johnson-Cousins V band the magnitude of the star Vega (α Lyr) is usu
ally set at mv = +0.03. Fig. 2(a) shows the magnitude values within the 
0.01–50 km distance range, whereas Fig. 2(b) shows an enlarged view of 
the first 5 km from the lights.

It can be seen in Fig. 2 that the nighttime lights of Iv = 2000 cd widely 
used in wind turbines of height between 100 and 150 m [1] can be 
brighter than Venus up to 4 km from the turbine, brighter than α CMa up 
to about 10 km, and reach the visibility limit mv =+6.00 at 38 km. These 
results suggest that the visual range of wind farms at nighttime in 
pristine sites (limited by the luminous intensity of the lamps and the 
atmospheric attenuation) may be significantly higher than at daytime 
(limited by the luminance contrast thresholds applied to sunlight scat
tered into the line of sight [12]).

Fig. 3 shows the magnitudes mv for lights of constant luminous in
tensity (Iv = 2000 cd) and three different aerosol optical depths, τa =

0.1, 0.2 and 0.3, corresponding to daytime visual ranges of 49 km, 26 
km, and 18 km, respectively, the remaining parameters being the same 
as in Fig. 1. During the first kilometers from the lamps the change in 
visual magnitude is dominated by the geometrical factor 1/r2 in Eq. 
(15), with little influence of the horizontal-path atmospheric attenua
tion e− kr, so the mv curves for different AOD are very close to each other. 
As the distance increases, the horizontal atmospheric attenuation be
comes dominant and the values of mv increase almost linearly with r. 
The overall behavior is also function of the value of Tatm(z = 60◦), the 
atmospheric attenuation for an equivalent star seen at 30◦ above the 
horizon (here, two air masses), the reason behind the fact that the curves 
do not fully overlap in the first few km from the sources.

Fig. 4 shows the horizontal ground illuminance (in lx) produced by a 
single light of intensity 2000 cd located on a nacelle at 115 m above 
ground, with isotropic angular emission, and under the same atmo
spheric conditions as in Fig. 2. This illuminance is calculated using Eq. 
(5), by reinterpreting the angle θ as the zenith angle of the light source 
seen from the observer location. The constant, dotted line corresponds to 
the illuminance produced by a typical moonless starry sky in conditions 
of astronomical night, ~0.001 lx [51,52]. It can be seen that the hori
zontal ground illuminance produced by this mid-intensity light sur
passes that of the moonless starry sky within the first 580 m from the 
base of the turbine, becoming two orders of magnitude smaller at a 
distance of 2.5 km. Recall that, unlike the retinal illuminances of 
non-overlapped lights perceived as individual objects, the ground 
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illuminance produced by several lights is accumulative, hence the total 
ground illuminance at any point in the neighborhood of a wind farm 
shall be calculated as the sum of the contributions of all lamps. The 
direct luminous intensity of a single lamp, however, elicits significant 
visual responses up to much longer distances (see Fig. 2 and 3, and 
Section 4).

The fraction of territory within the visual range from which the 
windfarm lights can be seen depends on the local topography and on the 
height of the lights above ground level. While in flat areas the direct line 
of vision may be mostly unblocked across wide spans of territory, in 
mountainous regions it is generally limited by shadowing effects. 
However, since windfarms tend to be located on the highest elevations 
of mountain ridges, this fraction is generally very large. An example of 
the latter is shown in Fig. 5, where the visibility maps of four windfarm 
projects in the Eastern Mountains of Galicia (historic nationality and 
autonomous community in the kingdom of Spain, European Union) are 
displayed as graylevel rasters with the number of wind turbines from 
each windfarm that can be seen from each pixel. The red lines around 
each windfarm show the 4 km, 10 km, and 38 km range areas. These four 
windfarms are located relatively close to each other. Each one has 
particular visibility impacts, but the affected fraction of territory is in all 
cases remarkable. Their aggregated effect is shown in Fig. 6, at a spatial 
scale that allows discerning the variable but widespread visual impacts 

Fig. 2. Equivalent top-of-the-atmosphere (TOA) astronomical magnitude mv of wind turbine lights seen from distances r, Eq. (15), for lamps of luminous intensities Iv 
= 2000, 200, and 40 cd, and an atmosphere with AOD τa = 0.2 (see text for details). (a) range 0.01–50 km, (b) enlarged view of the range 0.01–5.0 km.

Fig. 3. Equivalent top-of-the-atmosphere (TOA) astronomical magnitude mv of wind turbine lights seen from distances r, Eq. (15), for lamps of luminous intensity Iv 
= 2000 cd and atmospheres with AODs τa = 0.1, 0.2, and 0.3 (see text for details). (a) range 0.01–50 km, (b) enlarged view of the range 0.01–5.0 km.

Fig. 4. Horizontal ground illuminance (in lx) produced by a single light of 
intensity 2000 cd located on a nacelle at hn =115 m above ground, with 
isotropic angular emission and under the same atmospheric conditions as in 
Fig. 2. The horizontal, dotted line corresponds to the illuminance produced by a 
typical moonless starry sky in conditions of astronomical night, ~0.001 lx. The 
variable r in this figure corresponds to the horizontal distance from the base of 
the turbine, such that the total distance from the lamp to the ground observa
tion point is (r2 + hn

2)1/2.
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across these Biosphere Reserves region.

4. Discussion

The results obtained using the main equation of this work, Eq. (15), 
show that wind turbine lights can compete with natural sky objects up to 
distances in the range of tens of km. This has a non-negligible effect on 
the nocturnal landscape, particularly so because these lights are 

normally seen close to the horizon, towards which very often the human 
direction of gaze is oriented.

The calculations were made under some simplifying assumptions and 
can be generalized without difficulty to account for additional factors, as 
e.g. the relative and absolute altitudes above sea level of observers and 
lights (here assumed to be equal), the change of the luminous intensity 
of the wind farm lamps with the emission angle, or the spectral depen
dence of the conversions between Johnson-Cousin V magnitudes and 

Fig. 5. Visual territorial impact of four windfarm projects in Galicia (kingdom of Spain, European Union). Project names, number of wind turbines (N) and nacelle 
heights (hn): (a) Chao do Marco, N = 8, hn =115 m; (b) Monteiro, N = 8, hn =107 m; (c) Reboiro, N = 11, hn =121 m; (d) Serra do Furco, N = 7, hn =115 m. 
Graylevels indicate the number of wind turbines of each windfarm that can be seen from each pixel (from 0 to N). The red lines around each windfarm show the 4 km, 
10 km, and 38 km range areas. The green borders show the limits of the surrounding Biosphere Reserves (clockwise, from the upper left, "Mariñas Coruñesas e Terras 
do Mandeo", "Terras do Miño", "Río Eo, Oscos e Terras de Burón", "Os Ancares Lucenses e Montes de Cervantes, Navia e Becerreá", and "Ribeira Sacra e Serras do 
Oribio e Courel". Shp layer copyright: management boards of the Reserves). Digital elevation model PNOA_MDT200_ETRS89_HU29 (Galicia) (PNOA 2010–2013 CC- 
BY scne.es). Maps elaborated with QGIS ver. 3.22.10-Białowieża (https://qgis.org/).

Fig. 6. Aggregated visibility map of the four wind-farm projects displayed in Fig. 5. The grayscale indicates the total number N of wind turbine nacelles seen from 
each location.
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luminances. Also, we have assumed photopically adapted observers 
(that is, observers who are looking at the lights from windows of lit 
spaces indoors, or shortly after leaving illuminated areas outdoors). The 
calculations for mesopic or scotopic adaptation states can be easily done 
if some additional information about the wind farm light spectra is 
available, see e.g. [7,23].

In Section 3 it has been implicitly assumed that, although each wind 
turbine light is seen as an unresolved object, different lights are enough 
separated angularly among themselves as to ensure that the corre
sponding PSFs do not significantly overlap in the observer’s retina. The 
objects can then be perceived independently, the attention may shift 
from one to another [39], the detection thresholds remain unaltered 
[27], and their magnitudes mv are correctly described by Eq. (15) using 
the Iv of each individual lamp. However, on some occasions several 
distant lights may happen to be angularly very close, as seen from the 
observer, such that their PSFs substantially overlap in the retina. In that 
case they would appear as a single and brighter (but still unresolved) 
object, and its resulting magnitude mv shoud be calculated by adding 
first the iluminances Ev(r) produced by each lamp on the eye pupil, Eq. 
(6), taking into account their possibly different distances and luminous 
intensities, and then applying Eq. (15) to the total Ev(r)resulting from 
this sum.

As shown in Section 3, the distance range of the disruptive effects of 
wind-farm lights is different if expressed in terms of the ground illumi
nation (horizontal illuminance) or in terms of visual perception of the 
lights (retinal image brightness). Whereas the horizontal illuminance is 
comparable to or larger than the one produced by the natural moonless 
starry sky up to distances of a few hundred meter (580 m for 2000 cd 
lamps), the visual brightness of the lamps competes with the dimmest 
visible stars of the night sky up to several tens of km (38 km, for the same 
type of lamps). This difference in range is not unexpected. It is mainly 
due to the focusing ability of the eye, which concentrates the flux from 
the pupil illuminance onto a small region of the retina (equal to the eye 
PSF, for an unresolved light source), proportionally increasing the illu
minance on the retinal photoreceptors and hence their photon catches. 
The retinal images of the lights, then, act as conspicuous visual stimuli 
even at long distances, and may have attracting or disorienting effects in 
species that navigate based on cues provided by localized light sources. 
The horizontal illuminance, in turn, is instrumental for the visual 
perception of the ground, and the threats and opportunities present on 
it.

The basic model presented in this work allows for an easy quantifi
cation of the visual impact of individual wind farm lights on the 
nocturnal landscape, by direct comparison of their brightness with the 
brightness of conspicuous objects of the pristine starry sky. This visi
bility model is based on well-known first principles, and the results 
presented here correspond to average atmospheric conditions. The 
application to observations in field conditions is under way. The main 
metrological challenge lies in the accurate determination of the aerosol 
content of the atmosphere at the moment of observation. Whereas 
daytime data on aerosols are widely available, reliable nighttime data 
are considerably more scarce.

An issue that has not been addressed here and that deserves further 
consideration is the quantification of the visual aggregated impact of 
high numbers of wind farm lights shining simultaneously across large 
stretches of the horizon, a not uncommon situation in areas with very 
high density of turbines. Metrics developed for quantifying aggregated 
visual impacts during daytime [31,36] offer some interesting starting 
points. Besides its direct application to landscape assessment, it may be 
of potential interest for professional astronomy, whose ground-based 
observatories are subjected to an increasing stress by the presence and 
effects of artificial lights [21,26].

This paper dealt with the quantitative evaluation of the visual effects 
of wind farm lights, without delving into a detailed discussion of the 
remediation measures that could be adopted. This discussion requires a 
comprehensive, broader social approach that deserves a specific work. 

Classical technological adaptations may not be sufficient nor, in many 
cases, applicable. Unlike public streetlamps, which are designed to 
illuminate public spaces but do not require to be seen themselves, the 
wind-farm light beacons are purposely installed to be seen from long 
distances in a broad range of directions. This precludes in principle the 
use of lamp shielding approaches that have been shown to be very useful 
for reducing the ecological impact of street luminaires [18].

5. Conclusions

Wind farm lights are a source of light pollution in the nocturnal 
landscape. In this work we quantify the impact of individual light 
sources by comparing their perceived brightness with the brightness of 
the stars and other conspicuous bodies of the starry night sky. For typical 
parameters of the lights and the atmosphere our model shows that 
medium-intensity turbine lights can be brighter than Venus up to ~4 km 
distance, brighter than α CMa (the brightest star on the nighttime sky) 
up to about ~10 km, and reach the standard stellar visibility limit for the 
unaided eye (mv = +6.00) at ~38 km. These results suggest that the 
visual range of wind farms at nighttime may be considerably larger than 
at daytime. This factor should be taken into account in environmental 
impact assessments.
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[8] Bará S, Bao-Varela C. Skyglow inside your eyes: intraocular scattering and artificial 
brightness of the night sky. Int J Sustain Light 2023;25(1):1–9. https://doi.org/ 
10.26607/ijsl.v25i01.130.

[9] Bessell MS. UBVRI Passbands. Publ Astron Soc Pac 1990;102:1181–99. https://doi. 
org/10.1086/132749.

[10] BIPM Proceedings of the 26th meeting of the General Conference on Weights and 
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Noise generated by wind turbines has been reported to affect sleep and quality of life (QOL), but the relationship
is unclear. Our objective was to explore the association between wind turbine noise, sleep disturbance and qual-
ity of life, using data from published observational studies. We searched Medline, Embase, Global Health and
Google Scholar databases. No language restrictions were imposed. Hand searches of bibliography of retrieved
full texts were also conducted. The reporting quality of included studies was assessed using the STROBE guide-
lines. Two reviewers independently determined the eligibility of studies, assessed the quality of included studies,
and extracted the data. We included eight studies with a total of 2433 participants. All studies were cross-
sectional, and the overall reporting quality was moderate. Meta-analysis of six studies (n = 2364) revealed
that the odds of being annoyed is significantly increased by wind turbine noise (OR: 4.08; 95% CI: 2.37 to 7.04;
p b 0.00001). The odds of sleep disturbance was also significantly increased with greater exposure to wind tur-
bine noise (OR: 2.94; 95% CI: 1.98 to 4.37; p b 0.00001). Four studies reported thatwind turbine noise significant-
ly interfered with QOL. Further, visual perception of wind turbine generators was associated with greater
frequency of reported negative health effects. In conclusion, there is some evidence that exposure towind turbine
noise is associatedwith increased odds of annoyance and sleep problems. Individual attitudes could influence the
type of response to noise fromwind turbines. Experimental and observational studies investigating the relation-
ship between wind turbine noise and health are warranted.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The last few decades have seen governments attempting to decrease
greenhouse gas emissions (Olander et al., 2012). This response – to
changes in the earth's temperature – has seen the rise of wind power
(Leithead, 2007). This alternative energy source, generated bywind tur-
bines, is one tool being employed to generate cleaner energy.

Wind turbine generators (WTGs) are devices that convert wind
power into kinetic energy, and are regarded as one of the most impor-
tant renewable sources of power (Leithead, 2007). Energy generated
from WTGs can be used to produce electricity and drive machinery
(Caduff et al., 2012; Chang Chien et al., 2011; Li and Chen, 2008). It is
thought that large scale utilization of these devices can improve global
climate by extracting energy from the atmosphere and altering the pat-
tern of gaseous flow in the earth's atmosphere (Keith et al., 2004).
pworth Sleepiness Scale; PSQI,

poya).
More recently, exposure to noise from WTGs has been reported to
have negative effects on human health (Jeffery et al., 2013). People liv-
ing near WTGs have reportedly experienced sleep disturbances and a
reduction in the quality of life; it has been suggested that a combination
of turbine noise, infrasound (sounds with frequency b20 Hz) and
ground currents (stray current from electrical equipment which passes
through the earth) could be responsible for these symptoms (Havas and
Colling, 2011). Cases of litigation because of the unwanted health effects
allegedly caused by the noise from WTGs have been reported both in
the UK (Daily Mail, 2011) and the US (Oregon Herald, 2013). Very re-
cently, the UK parliament passed a bill restricting the number, height
and location ofWTGs in England (UKHouse of Commons Library, 2015).

Studies investigating the effects of wind turbines on sleep and qual-
ity of life in individuals living in their proximity have been conducted.
While the findings from a pooled meta-analyses of three studies sug-
gested a relationship between exposure to WTG noise and annoyance
(Janssen et al., 2011), a more recent review concluded that there was
no evidence of a consistent relationship between WTG noise and ad-
verse health effects (Merlin et al., 2013). Therefore, the objective of
this systematic review was to explore the association between wind
turbine noise, annoyance, sleep and quality of life, and also explore

http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2015.04.014&domain=pdf
http://dx.doi.org/10.1016/j.envint.2015.04.014
mailto:igho.onakpoya@phc.ox.ac.uk
http://dx.doi.org/10.1016/j.envint.2015.04.014
http://www.sciencedirect.com/science/journal/01604120
www.elsevier.com/locate/envint
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the influence of othermoderating factors on these outcomes, using data
from published observational studies.
2. Methods

We conducted electronic searches in the following databases:
Medline, Embase and Global health. Each database was searched from
inception till June 2014. MeSH terms used included wind turbine,
wind energy, clean energy, annoyance, sleep, and quality of life (a
MEDLINE search strategy is included as a web Appendix 1). We also
searched Google Scholar for relevant conference proceedings, and
hand searched the bibliography of retrieved full texts. An updated
search of the databases was conducted on November 28, 2014. Case–
control, cross-sectional, and cohort studies were considered for inclu-
sion. To be included in the review, studies had to report annoyance,
sleep or quality of life as outcomes in subjects living in proximity with
wind turbines. Studies not comparingparticipants based on the proxim-
ity of their homes toWTGs were excluded. No age, language or time re-
strictions were imposed. Where necessary, contact with study
investigators was made to request additional data.

The reporting quality of included studies was evaluated using a
checklist adapted from the STROBE (Strengthening of Reporting of Ob-
servational Studies in Epidemiology) guidelines (von Elm et al., 2007).
Data was systematically extracted by two reviewers [IJO and JOS]
using a piloted spreadsheet of pertinent variables including baseline de-
mographics, study location, distances of homes from wind turbines,
SPLs, assessment of exposure and outcome. These were independently
cross-checked by two other reviewers [MJT and CJH]. Disagreements
were resolved through consensus. Ourmain outcomeswere annoyance,
sleep disturbance and quality of life (QOL). We also examined the influ-
ence of other background noise, visual perception and socio-economic
factors on reported outcomes.

Odds ratios (ORs) were used to measure associations betweenwind
turbine noise and annoyance or sleep disturbance. Using the random-
effects model of the software for meta-analyses (Review Manager,
Version 5.3 (2011)), we calculated theORs and 95% confidence intervals
(CI) for the studies which had sufficient data for statistical pooling. We
used sound pressure level (SPL) reference ranges of b40 dB for lower
exposure and N40 dB for higher exposure to wind turbine noise in the
analyses; these limits correspond to the World Health Organisation
(WHO) guideline recommendations for indoor community noise levels
suitable for night-time sleep (Berglund et al., 1999). Where SPLs were
not available, we used the reported near (“near group”) and far (“far
group”) distances from WTGs for high and low SPLs respectively.
Subgroup analyses by SPLs or distances from WTGs were used to
test the robustness of overall analyses. Sensitivity analyses by meta-
analysing studies with larger sample sizes or with higher respondent
rates (≥50%) were used to investigate heterogeneity using the I2 statis-
tic; values of 25%, 50%, and 75% indicated low, medium, and high statis-
tical heterogeneity respectively. Where statistical combination of
reported data was considered inappropriate, such data was reported
narratively.
2.1. Definitions

For the purpose of this review, annoyance was defined as a constel-
lation of psychosocial and/or psychological symptoms — “feelings of
being bothered, exasperation at being interrupted by noise, and symp-
toms such as headache, fatigue and irritability” (Anonymous, 1977).
Sleep disturbance was defined as any interruption of an individual's
normal sleep–wake pattern (Cormier, 1990). A change in an individual's
quality of life was measured based on their own perceptions, with re-
gard to their own goals, expectations, standards and concerns (WHO,
1997).
3. Results

Our electronic searches returned 148 non-duplicate citations, out of
which 18 potentially eligible articles were identified (Fig. 1). One article
(Ambrose et al., 2012) was excluded because the study was conducted
in only one residential apartment and another two (Maffei et al.,
2013; Van Renterghem et al., 2013) because they were virtual experi-
mental studies conducted in subjects not residing within the vicinity
of WTGs. Two articles (Verheijen et al., 2011; Pedersen and Larsman,
2008) were excluded because they were modelling studies, the latter
of which used results from two studies already included in the review.
One article was excluded because it explored the effects of road traffic
noise using data from a study included in the review (Pedersen et al.,
2010) and another two because they did not distinguish subjects by dis-
tance from WTGs or SPLs (Harry, 2007; Morris, 2012). Two articles
(Nissenbaum et al., 2011; Pedersen et al., 2009) were excluded because
more complete versions of their reports were included in the review.
Thus eight studies (Bakker et al., 2012; Krogh et al., 2011; Magari
et al., 2014; Nissenbaum et al., 2012; Pawlaczyk-Łuszczyńska et al.,
2014; Pedersen and Persson Waye, 2004, 2007; Shepherd et al., 2011)
with a total of 2433 participants were included in the review. The key
details of the studies are shown in Tables 1, 2a and 2b.

All included studies were of cross-sectional design (Table 1). Seven
studies reported appropriate recruitment and sampling strategies, and
all used objective and validated measures to compute outcome vari-
ables. The studies also used appropriate statistical methods to compare
groups, but only half (50%) adequately reported sample size calcula-
tions. All studies reported adequate statistical analysis, and baseline de-
mographics for participants in the high and low exposure groups were
generally similar. The response rate for questionnaires ranged from
37% to 93%.

Annoyance was measured on a 5-point scale (ranging from did not
notice to very annoyed) using questionnaires that enquired about atti-
tudes towards wind turbines; one study (Pawlaczyk-Łuszczyńska
et al., 2014) used a 6-point scale that included “extremely annoyed”
variable after “very annoyed”. In all the studies, annoyance from expo-
sure to WTG noise implied being rather annoyed, very annoyed or ex-
tremely annoyed. Sleep disturbance (defined in the studies as
interruption of normal sleep patterns) was assessed from the general
questionnaire administered in seven studies (Bakker et al., 2012;
Krogh et al., 2011; Magari et al., 2014; Pawlaczyk-Łuszczyńska et al.,
2014; Pedersen and Persson Waye, 2004, 2007; Shepherd et al., 2011),
and measured by Pittsburgh Sleep Quality Index (PSQI) in the eighth
(Nissenbaum et al., 2012) — this same study assessed daytime sleepi-
ness using the Epworth Sleepiness Scale (ESS). Quality of life was mea-
sured in three studies by general health questionnaire (GHQ) (Bakker
et al., 2012; Pawlaczyk-Łuszczyńska et al., 2014), short form 36 (SF-
36v2) (Nissenbaum et al., 2012), and health-related quality of life
(HRQOL) (Shepherd et al., 2011). Two studies used unspecifiedmasked
questionnaires that addressed health and general well-being (Pedersen
and PerssonWaye, 2004, 2007); these questionnaireswere described as
validated. One study (Krogh et al., 2011) did not use a validated ques-
tionnaire to assess quality of life and another (Magari et al., 2014) did
not report quality of life as an outcome.

The study locations ranged from rural to semi-rural and metro-
politan built-up areas (Table 2a), with varying population densities
and terrain. The distance of homes from WTGs varied between 0
and 8 km, and the number of WTGs in the individual studies ranged
from 16 to 1846. The emission levels for the WTGs in the studies
were measured using A-weighted scales (a filtering method aimed
at mimicking responses to sound by the human ear) with 8 m/s
downwind, and power generated from the turbines ranged between
0.15 and 2300 kW.

The mean age of the respondents across all the studies was 46 to
58 years (Table 2b). One study (Krogh et al., 2011) did not report the
socio-economic status of respondents, while another (Bakker et al.,



Fig. 1. Flow diagram showing the process for inclusion of studies examining the relationship between wind turbine noise and health.
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2012) reported a significantly higher proportion of respondent who re-
ceived higher education in the high SPL group compared with the low
SPL group (p b 0.001). The remaining studies did not report significant
Table 1
Reporting quality of studies exploring the association between turbine noise, sleep and quality

Study ID
Country of study

Study design Appropriate recruitment
strategy?

Appropriate
sampling
technique?

R
r

Bakker et al., 2012
The Netherlands

Cross-sectional Yes — questionnaire sent
to houses

Yes 3

Krogh et al., 2011
Canada

Cross-sectional Yes — postal &
hand-delivered
questionnaire

Unclear

Magari et al., 2014
USA

Cross-sectional Yes — administered in
person by two field
personnel

Yes

Nissenbaum et al., 2012
USA

Cross-sectional Yes — telephone and
door to door

Yes 4

Pawlaczyk-Łuszczyńska
et al., 2014
Poland

Cross-sectional Yes — postal
questionnaire

Yes 7

Pedersen and Persson
Waye, 2004
Sweden

Cross-sectional Yes — questionnaire sent
to houses

Yes

Pedersen and Persson
Waye, 2007
Sweden

Cross-sectional Yes — postal
questionnaire

Yes

Shepherd et al., 2011
New Zealand

Cross sectional Yes — postal Yes 3

a All the outcomes measured were subjective, except for Pedersen and Persson Waye (2007
differences in thebaselinedemographics of respondents. All the respon-
dents in two studies (Magari et al., 2014; Nissenbaum et al., 2012) had
financial benefits from WTGs (Table 2b). Reported background noises
of life.

esponse
ate

Representative
sample?

Relevant
outcome
measures?a

Power
calculation?

Appropriate
statistical
analysis?

Evidence
of bias?

7% Yes Yes Yes Yes No

88.9% Yes Yes Unclear Yes No

92.9% Yes Yes Unclear Yes No

0% Yes Yes Unclear Yes No

1% Yes Yes Yes Yes No

68.4% Yes Yes Yes Yes No

57.6% Yes Yes Yes Yes No

3% Yes Yes Unclear Yes No

) which measured visual perception using visual angle of WTGs from homes.



Table 2a
Main characteristics of studies investigating the association between wind turbine noise, sleep and quality of life.

Study ID Study location & site topography Number of
participants

SPLs &
distance
from
WTGs

Power & number of
WTGs

Outcomes Tools used to
measure outcomes

Bakker et al. (2012) 1. Rural area (with no major road within
500 m from the closest wind turbine)
2. Rural area with a major road within
500 m from the closest wind turbine 3. More
densely populated built up area
Flat terrain

725 21–54 dB
(average:
35 dB)
0–2.5 km

≥500 kW (0.5 MW);
1846

Annoyance, sleep
disturbance,
psychological stress

Annoyance: 5-point
ordinal scale & 2
Likert scales.
Sleep disturbance:
Frequency

Krogh et al. (2011) 5 WTG areas with anecdotal reports of adverse
health effects

109 0.35–2.4
km

1.65 MW: 5 WTG
project areas

Sleep disturbance WindVOiCe Survey
Questionnaire

Magari et al. (2014) 1. Rural area
2. 5 receptor locations within wind turbine park;
two locations outside the park as comparator

62 0.4–4 km 1.5 MW; 84 Annoyance, health
effects

Validated general
questionnaire

Nissenbaum et al.
(2012)

2 rural areas — ‘low-lying, tree-covered island.’ Flat
terrain

79 32–57 dB
0.4–6.6 km

1.5 MW; 31 Sleep quality, mental
health

Sleep disturbance:
PSQI & ESS
QOL: (SF-36v2)

Pawlaczyk-Łuszczyńska
et al. (2014)

1. 3 populated areas in Central & Northwest Poland
2 Flat terrain
3. Mainly agricultural, but railroads and/or roads
also present

156 30–50 dB
0.24–2.5
km

0.15, 1.5 & 2 MW;
total number of wind
turbines 108

Annoyance, mental
health

Annoyance: 5-point
ordinal scale
Sleep and QOL: GHQ

Pedersen and Persson
Waye (2004)

5 wind turbine areas; flat terrain 351 b30 to N40
dB
0.15–1.2
km

14 WTGs: 600–650
kW; 2 WTGs: 150 &
500 kW

Noise perception,
annoyance, sleep
disturbance

Validated general
questionnaire:
Annoyance:
unipolar annoyance
scale
Sleep disturbance:
presence or absence

Pedersen and Persson
Waye (2007)

7 wind turbine areas; different landscapes in terrain
and urbanisation (flat and ‘complex’–rocky or
altitude); suburban and rural

754 31.4–38.2
dB (mean:
33.4).
0.6–1 km
(mean:
0.78 km)

N500 kW; 478 Perception,
annoyance, sleep
quality, quality of life

Validated general
questionnaire
Annoyance:
unipolar annoyance
scale
Sleep disturbance:
presence or absence

Shepherd et al. (2011) 2 semi-rural coastal areas differentiated by their
proximity to wind turbines; hilly terrain

197 20–50 dB
b2 to 8 km

2300 kW; 66 Annoyance, sleep
disturbance, quality
of life (health)

Questionnaire with
subcomponents:
Annoyance: 7-item
scale
Sleep: 7-item scale
QOL: HRQOL

Abbreviations: SPLs: sound pressure levels; WTGs: wind turbine generators; dB: decibels; km: kilometres; kW: kilowatts; MW: megawatts; PSQI: Pittsburgh Sleep Quality Index; ESS:
Epworth Sleepiness Scale; QOL: quality of life; GHQ: general health questionnaire; HRQOL: health-related quality of life.
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included road traffic noise, noises from birds and household pets, and
other machinery.

One study (Pedersen and Persson Waye, 2004) was funded by a
grant from a research foundation, while four (Bakker et al., 2012;
Magari et al., 2014; Pawlaczyk-Łuszczyńska et al., 2014; Pedersen and
Persson Waye, 2007) were funded by government grants. The authors
in two studies (Nissenbaum et al., 2012; Shepherd et al., 2011) failed
to declare their sources of funding. The authors in all studies were affil-
iatedwith public institutions, except in two studies (Magari et al., 2014;
Nissenbaum et al., 2012) where authors were affiliated to public health
consultancy firms. One study (Krogh et al., 2011)was not funded by any
entity.

3.1. Relationship between wind turbine noise and annoyance

Two studies (Krogh et al., 2011; Nissenbaum et al., 2012) did not re-
port annoyance as an outcome.Meta-analysis of the remaining six stud-
ies (n=2364; Fig. 2) revealed a significant increase in the odds of being
rather annoyed, annoyed or very annoyed by wind turbine noise (OR:
4.08; 95% CI: 2.37 to 7.04; I2 = 63%; p b 0.00001). Subgroup analyses
by SPLs or distance fromWTGdid not change the direction of the results
(Fig. 2). Sensitivity analysis of three studies with larger sample sizes
(n = 1793) revealed that the odds of being annoyed by wind turbine
noise is significantly increased with higher SPLs (OR: 6.94; 95% CI:
4.36 to 11.03; I2 = 10%; p b 0.00001). Meta-analysis of four studies
with higher respondent rates (n = 1313) revealed that the odds of
being annoyed by living close to wind turbines is statistically significant
(OR: 3.00; 95% CI: 1.87 to 4.80; I2 = 0%; p b 0.00001).

3.2. Relationship between wind turbine noise and sleep disturbance

Two studies (Nissenbaum et al., 2012; Shepherd et al., 2011) did not
provide suitable data for statistical pooling. One of these (Nissenbaum
et al., 2012) reported the “near group” as having significantly worse
sleep scores for both PSQI (p=0.046) and ESS (p=0.03); and two sub-
jects in the “near group” were diagnosed with insomnia compared to
none in the “far group”. In the second study (Shepherd et al., 2011), par-
ticipants with greater exposure to WTG noise reported significantly
worse sleep scores (p = 0.0006). For the remaining six studies which
provided suitable data, three (Bakker et al., 2012; Pedersen and
Persson Waye, 2004, 2007) used low SPL values of b30 dB as controls,
while two (Krogh et al., 2011; Magari et al., 2014) compared groups
based on the distances of respondents' from WTGs. Meta-analysis re-
vealed a significant increase in the odds of reporting sleep disturbances
with greater exposure to noise from WTGs (OR 2.94; 95% Cl: 1.98 to
4.37; I2= 0%; p b 0.00001; Fig. 3). Subgroup analysis by SPLs or distance
did not result in a change in the direction of the results. A similar result
was observed when five studies with higher respondents' rates (n =
810) were meta-analysed (OR: 2.76; 95% CI: 1.65 to 4.62; I2 = 0%;
p = 0.0001). Sensitivity analyses of studies with larger sample sizes



Table 2b
Demographic characteristics of respondents and influence of moderating factors in the included studies.

Study ID Mean
age

Average duration
at home

Socio-economic
status

Background noises and their
influence on outcome

Visual perception of WTGs and
influence on outcome

Financial relationship with
WTG and influence on outcome

Bakker et al. (2012) 51
years

Not reported;
economic
benefits had no
statistically
significant
impact on
perception of the
sound.

Proportion of
respondents with
higher education
was significantly
higher with those
living in high SPLs
(p b 0.001)

Road traffic; aircraft; railways;
industry & shunt yards
Exposure to WTG sound did
not lead to noise annoyance
amongst respondents who
lived in areas classified as noisy
and reported that they could
hear the sound. Sound
exposure predicted noise
annoyance (r = 0.54) amongst
respondents who reported that
they could hear WTG sound
and lived in areas classified as
quiet

73% of respondents in rural
areas and 54% in built-up areas
could see at least one WTG
from their dwellings
The probability of being
annoyed by WTG sound was
higher if they were visible (p b

0.001)

Of 100 persons who benefitted
from WTG, 76 were in high SPL
group.
The proportion of benefiting
respondents who were rather
or very annoyed byWTG sound
was 4 times lower compared to
the non-benefiters (12 versus
3%; p b 0.05), despite the fact
that respondents who
benefited economically were
exposed to higher levels of
WTG sound and noticed the
WTG sound more often

Krogh et al. (2011) 52
years

Not reported Not reported Not reported Not reported Not reported

Magari et al. (2014) 51
years

18 years Similar for residents Amongst participants annoyed
by WTG noise, 60% were
affected daily or a few times
weekly by noise, 92% by
television or radio interference,
and 54% by shadows or
reflections
None of the indoor or outdoor
SPL measurements
significantly correlated with
other environmental factors —

noise, pollution, and landscape
littering

On average 19 WTGs were
visible
General annoyance was
significantly correlated with
opinion of altered landscape
due to WTG (p b 0.0001)

All residents benefitted from
WTG: substantial property tax
reduction; free trash removal
Respondents who directly
benefitted from WTGs were
not less annoyed than other
respondents. 90% of
participants were satisfied or
very satisfied with their
environment

Nissenbaum et al.
(2012)

57.5
years

14 to 21 years in
near group
24 to 30 years in
far group

No significant
differences

Not reported WTGs were visible to a
majority of respondents
The visual impact of WTG on
those living closest to turbines
was greater compared with
those living further away

All residents benefit
financially: reduced electricity
costs and/or increased tax
revenues
Fear of reducing property value
led to downplaying of adverse
health effects

Pawlaczyk-Łuszczyńska
et al. (2014)

46
years

Not reported Comparable
between groups

Mainly agricultural terrain with
low traffic intensity railways,
roads.
Did not analyse the impact of
terrain and urbanisation on
annoyance related to WTG
noise. There was high positive
correlation between as well as
between the respondents'
sensitivity to noise and
sensitivity to landscape
littering (p b 0.0000001)

97% of respondents could see 1
or more WTGs from their
dwelling, backyard or garden.
There was high positive
correlation between general
attitude towards WTGs and
attitude to their visual impact
(p b 0.0000001)

2.6% benefitted from WTG:
type of benefit unspecified

Pedersen and Persson
Waye (2004)

48
years

Not reported No statistically
significant
differences between
groups

Road traffic, rail traffic,
neighbours. No significant
differences in variables related
to noise sensitivity, attitude, or
health between the different
sound categories
At lower sound categories, no
respondents were disturbed in
their sleep by WTG noise, but
16% of the 128 respondents
living at SPLs N35 dB reported
sleep disturbance due to WTG
noise

WTGs were visible from
“many” directions.
Respondents' attitude to the
visual impact of WTGs on the
landscape scenery influenced
noise annoyance (p b 0.001).
No impact of visual perception
on sleep disturbance

95% did not own or share a
WTG

Pedersen and Persson
Waye (2007)

51
years

14 to 16 years in
near group
15 to 16 years in
far group

Similar for residents The rural dwellers were the
respondents' group with the
highest proportion of noise
sensitivity (56–59%)
There was a significant increase
in the odds of annoyance from
WTGs in rural areas (quiet)
compared with suburban areas
(noisy), OR 1.8. [1.25 to 2.51]

The highest proportion of
respondents who could see at
least 1 WTG was rural
(88–91%)
Perception of annoyance
correlated with SPLs (p b

0.001)
Both the objective variable
“vertical visual angle” and the
subjective report of visibility of
wind turbines increased the
odds of being annoyed: 1.2

Not reported

(continued on next page)
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Table 2b (continued)

Study ID Mean
age

Average duration
at home

Socio-economic
status

Background noises and their
influence on outcome

Visual perception of WTGs and
influence on outcome

Financial relationship with
WTG and influence on outcome

(95% CI: 1.03 to 1.42), and 10.9
(95% CI: 1.46 to 81.92)
respectively

Shepherd et al. (2011) Range:
18–71
years

Not reported Matched between
groups

No differences between groups
for traffic (p = 0.154) or
neighbourhood (p = 0.144)
noise annoyance

Not reported specifically due
to masking of the study intent

Not reported
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(n = 838) revealed a significant increase in the odds of sleep distur-
bances with higher SPLs (OR: 3.24; 95% CI: 2.03 to 5.18; I2 = 0%;
p b 0.00001).

Another study (Pedersen and PerssonWaye, 2004) reported no sta-
tistically significant correlations between sleep quality and sensitivity to
WTG noise. One study (Pawlaczyk-Łuszczyńska et al., 2014) reported a
significant relationship between the frequency of annoyance and sleep
disturbance (p b 0.05).

3.3. Relationship between wind turbine noise and quality of life (QOL)

Because of discrepancies in the methods used to assess QOL across
studies, a meta-analysis was not considered appropriate. One study
(Bakker et al., 2012) reported significant correlations betweenwind tur-
bine noise and psychological distress in quiet (p b 0.05), and both noisy
and quiet areas (p b 0.01). Another (Nissenbaum et al., 2012) reported
that participants in the high noise exposure group had significantly
lower QOL (lower GHQ scores) compared with the low exposure
group (p= 0.002), and a third (Pawlaczyk-Łuszczyńska et al., 2014) re-
ported a weak but significant correlation between wind turbine noise
and mental health based on the responses on the GHQ (p b 0.00625)
— in the same study, a significantly greater proportion of respondents
in the “near group” reported that WTG noise has impacted negatively
on their health (p b 0.05). Another study (Pedersen and Persson
Waye, 2007) reported that SPLs were not correlated with general
Fig. 2.Relationship betweenwind turbinenoise and annoyance.* *Annoyance variable includes “
(2011), near distances (“high SPLS”) are defined as homes located within 2 km from the neare
2 km from the nearest WTG. For Pawlaczyk-Łuszczyńska et al. (2014), these corresponded to b
wellbeing of study participants, but annoyed respondents felt signifi-
cantly more tired (p = 0.05) and tense (p b 0.05) in the mornings. In
one study (Shepherd et al., 2011), the high SPL group had lower
HRQOL and environmental QOL scores compared with the lower SPL
group (p = 0.017 and 0.018 respectively).

One study (Krogh et al., 2011) reported a significant relationship be-
tween proximity relatedWTG noise and excessive tiredness (p= 0.03)
(the residents in the groups closer to the WTGs reported a higher per-
centage of excessive tiredness). This same study showed a trend to-
wards increased risk of headache with closer proximity to WTGs
(p= 0.1). Another study (Nissenbaum et al., 2012) reported a near sig-
nificant increase in the proportion of respondents receiving new psy-
chotropic prescriptions (after WTG installation) in the “near group”
comparedwith the “far group” (24%vs 0.07p=0.06).While 90% of par-
ticipants in one study (Magari et al., 2014) reported being either satis-
fied or being very satisfied with their environment, the “near group”
respondents in another study (Shepherd et al., 2011) were significantly
less satisfied compared with the “far group” (p = 0.03).

3.4. Influence of background noise and settings on outcomes

In two studies (Bakker et al., 2012; Pedersen and Persson Waye,
2007), episodes of annoyance at a given WTG noise level were signifi-
cantly higher in quiet areas compared with areas classified as noisy. A
third study (Pedersen and PerssonWaye, 2004) reported no significant
rather annoyed”, “annoyed” or “very annoyed”. ForMagari et al. (2014) and Shepherd et al.
st wind turbine generator (WTG); far distances (“low SPLS”) were homes located at least
800 m and N800 m respectively.



Fig. 3. Relationship between wind turbine noise and sleep.* *For Magari et al. (2014), near distances (“high SPLS”) are defined as homes located within 2 km from the nearest WTG; for
Krogh et al. (2011), near distances (“high SPLS”) were homes located within 700 m of the nearest WTG.
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difference between groups for different sound categories; however,
there was a trend towards increased sleep disturbances with higher
SPLs. A fourth study (Shepherd et al., 2011) reported no differences be-
tween groups for traffic (p= 0.15) or neighbourhood (p= 0.14) noise
annoyance (Table 2b). One study (Pawlaczyk-Łuszczyńska et al., 2014)
did not analyse the impact of other environmental noise on outcomes.

3.5. Effect of visual perception on outcomes

Six studies reported data on the relationship between visual percep-
tion of WTG and its influence on outcomes (Table 2b). Five of these
(Bakker et al., 2012; Magari et al., 2014; Pawlaczyk-Łuszczyńska et al.,
2014; Pedersen and Persson Waye, 2004, 2007) reported a significant
positive correlation between visual perception of WTGs and the epi-
sodes of annoyance; one of these studies (Pedersen and Persson
Waye, 2007) also reported a significant correlation when an objective
variable (visual angle) was used to explore the relationship. The sixth
study (Nissenbaum et al., 2012) reported that visual impact of WTG
on those living closest to turbines was greater comparedwith those liv-
ing further away, but did not report whether this was significant. The
authors of one study (Shepherd et al., 2011) did not explore the effect
of visual perception on outcomes because they wanted to mask the
study intent.

3.6. Influence of economic benefit from WTG on outcome

The influence of economic benefit on outcomewas inconsistent across
the three studies that explored the relationship. One study (Bakker et al.,
2012) reported a significantly lower rate of annoyance amongst respon-
dents who benefitted economically from WTGs compared with respon-
dents who had no benefit (p b 0.001), while another study (Magari
et al., 2014) reported no significant difference in outcomes between
groups. Respondents in the third study (Nissenbaum et al., 2012) indicat-
ed that the fear of reducing property value led to downplaying of adverse
health effects. Two studies (Pawlaczyk-Łuszczyńska et al., 2014; Pedersen
and PerssonWaye, 2004) inwhich≤5% of participants had financial ben-
efits from WTGs did not report whether financial incentives resulted in
differences in outcome rates.

4. Discussion

Our results provide evidence that living in areas withWTGs appears
to result in “annoyance”, and may also be associated with sleep distur-
bances and decreased quality of life. The results of included studies
also suggest that visual perception ofWTGs is correlatedwith increased
episodes of annoyance, and the reported adverse effects fromWTGs are
more prominent in quiet areas comparedwith noisy ones. The results of
our meta-analysis corroborate the findings of a previous meta-analysis
of three studies which reported that wind turbine noise is significantly
associated with annoyance (Janssen et al., 2011). However, our pooled
data contained twice as many studies compared with that report. Our
results contradict the findings of another review that concluded that
there was no consistent relationship between WTG noise and adverse
health effect (Merlin et al., 2013). In contrast to that report, we statisti-
cally combined data, and we included evidence from two new studies
that were not available for that review. The results of our meta-
analysis also support the findings of a more recent systematic review
which concluded that exposure to WTG noise increases the risk of an-
noyance and self-reported sleep disturbance (Schmidt and Klokker,
2014). In comparison with that report, we meta-analysed study data,
and also included one study which was not available in that report.
Our meta-analyses results should be interpreted with caution due to
the variation in outcome measures, and moderate heterogeneity ob-
served in some of the analyses.

The results of ourmeta-analysis suggest that exposure toWTGnoise
can elicit annoyance. However, themoderate to large heterogeneity ob-
served in the subgroup analysis limits the firmness of any conclusions
that can be drawn from the meta-analytic results. Some authors have
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suggested that the perception of rhythmic sound pressure by the inner
ear could result in negative health outcomes (Enbom and Enbom, 2013;
Gohlke et al., 2008; Todd et al., 2008), but this has been refuted by
others (Knopper and Ollson, 2011). In addition, other investigators
have concluded that it is impossible to distinguish between noises gen-
erated byWTGs from that caused bywind itself (Bilski, 2012). Until bet-
ter tools to assess the impact of WTGs are developed, the relationship
between WTG noise and annoyance will remain controversial.

Our meta-analytic results indicate that living close to WTGs increases
the odds of experiencing sleep disturbances. Results of studies which did
not provide adequate data for statistical poolingwere also consistentwith
this finding. The evidence from the included studies also suggests that
sleep disturbance is positively correlated with annoyance and this sup-
ports the findings from research conducted in other types of settings
(Aasvang et al., 2007; van den Berg et al., 2014; Lee et al., 2011).

We observed a relationship between noise generated from WTGs
and reduction in QOL in a majority of the included studies, and this cor-
roborates with previous research reports (Basner et al., 2014; Stansfeld
and Matheson, 2003). Pathways showing inter-relationships between
annoyance, sleep disturbance and QOL have been modelled (Bakker
et al., 2012). However, sleep disturbance has also been shown to inde-
pendently correlate with a poorer QOL (Lee et al., 2009), and the results
of the studies included in our review showed a trend towards a reduc-
tion in QOL with increased frequency of sleep disturbances.

It appears that background noise from other environmental sources
may influence attitude towardsWTGs. The evidence from the studies in
our review suggests that the reported adverse effects were more prom-
inent in quiet areas compared with noisy ones. However, residents in
quiet areas had a greater proportion of individuals with noise sensitivity
and this attitude could have played a role in their responses. Because A-
weighted scales (used by most WTGs) totally ignore sound frequencies
below 20 Hz, the use of G-weighted scales (specifically designed for
infrasound) for measurement of WTG noise has been suggested
(Farboud et al., 2013); however, the G-weighted scale has been demon-
strated to fluctuate significantly at low frequencies (Bilski, 2012). Other
authors have reported that noise from WTGs are too low to cause any
harm at distances over 305 m (Knopper and Ollson, 2011; O'Neal
et al., 2011). A universally agreed method for measuring sound emis-
sions from WTGs will help clarify these uncertainties.

The results of our review indicate that visual interference could de-
termine attitudes to WTG. There was a greater likelihood of annoyance
or less satisfaction if respondents could either seeWTGs from their res-
idence, or if they thought WTGs distorted their landscape. This finding
supports the conclusions of other authors who reported that visual in-
terference from WTGs may actually be responsible for the annoyance,
rather than the noise generated by the wind turbines (Jeffery et al.,
2014). Based on this finding, we are less certain if the noise from
WTGs themselves actually results in the annoyance, sleep disturbances
or reduced quality of life observed in our systematic review and meta-
analysis; this issue warrants further investigation.

It is unclear towhat extent economic tieswithWTGs influenced par-
ticipants' responses. The inconsistency in the relationship reported
across studies makes it difficult to ascertain whether benefitting finan-
cially fromWTGs affects attitude. Therefore, we are unable to draw con-
clusions about this relationship based on present evidence.

5. Strengths and limitations

The strengths of this systematic review and meta-analysis are the
use of a robust search strategy to identify relevant studies, and our suc-
cess with obtaining additional data through contact with investigators
of studies that we included in the review. The overall quality of the ev-
idence from the included studies was moderate. In addition, heteroge-
neity was reduced in most of our sensitivity and subgroup analyses,
and the results of these analyses were also consistent with overall anal-
yses. However, we recognize some limitations. The small number of
included studies prevented us from performing a funnel plot to test
for publication bias. It could be argued that publication bias may have
occurred in either direction, given the different financial and social im-
plications of WTG and their placement. It is also possible that partici-
pants' responses could have been biased; especially in settings where
anecdotal reports of adverse effects fromWTGs have been documented
(Krogh et al., 2011; Magari et al., 2014; Nissenbaum et al., 2012), or in
situations where administered questionnaires did not mask the topic
of interest (Bakker et al., 2012; Pawlaczyk-Łuszczyńska et al., 2014; Pe-
dersen and PerssonWaye, 2004, 2007). It is difficult to gauge the extent
to which residual background noise or financial benefits influenced the
responses received from study participants. The variations in topogra-
phy, design, number and power of WTGs, and variation in outcome
measures limit the conclusions that could be drawn from our analyses.
Finally, apart from one study (Pedersen and Persson Waye, 2007)
which used an objective method (visual angle) to assess the relation-
ship between visual perception and annoyance, the response variables
measured in the included studies are all subjective and do not establish
causality for the relationships examined.

5.1. Implications for research and policy

Independently funded studies exploring the relationships ofwind tur-
bines on human health are warranted; in particular, objective outcome
measures that separate auditory and visual effects ofWTGs should be de-
veloped. Experimental and observational studies investigating the rela-
tionship between noise exposure at WTGs and health effects should be
conducted. Such studies should also explore whether benefitting eco-
nomically from WTGs influences attitudes. In addition, research aimed
at determining the minimum distance of homes from wind turbines at
which there will be no risk of interference with health is advocated.

Further, greatermonitoring of the sound emission levels fromWTGs,
especially those located in quiet rural communities, is advocated. A bal-
ance between individual and community preferences should be struck
when making decisions about where to site WTGs. This will help to en-
sure the maximisation of the climatic, provider and consumer benefits
from future constructions of WTGs.

6. Conclusion

The evidence from cross-sectional studies suggests that exposure to
wind turbine noise may be associated with increased frequency of an-
noyance and sleep problems. Evidence also suggests that living in prox-
imity to WTGs could be associated with changes in the quality of life.
Individual attitudes could influence the type of response to noise from
WTGs.
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Sound propagation outdoors can be strongly affected
by ground topography. The existence of hills and
valleys between a source and receiver can lead to the
shielding or focusing of sound waves. Such effects
can result in significant variations in received sound
levels. In addition, wind speed and air temperature
gradients in the atmospheric boundary layer also
play an important role. All of the foregoing factors
can become especially important for the case of
wind turbines located on a ridge overlooking a
valley. Ridges are often selected for wind turbines
in order to increase their energy capture potential
through the wind speed-up effects often experienced
in such locations. In this paper, a hybrid calculation
method is presented to model such a case, relying
on an analytical solution for sound diffraction around
an impedance cylinder and the conformal mapping
(CM) Green’s function parabolic equation (GFPE)
technique. The various aspects of the model have been
successfully validated against alternative prediction
methods. Example calculations with this hybrid
analytical–CM–GFPE model show the complex sound
pressure level distribution across the valley and the
effect of valley ground type. The proposed method has
the potential to include the effect of refraction through
the inclusion of complex wind and temperature fields,
although this aspect has been highly simplified in the
current simulations.

This article is part of the themed issue ‘Wind energy
in complex terrains’.

1. Introduction
In order to fulfil the renewable energy targets that have
been set in many countries, the number of wind turbines

2017 The Author(s) Published by the Royal Society. All rights reserved.
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is expected to increase significantly in the near future. Among the different environmental
impacts associated with wind turbines (such as landscape and visual impact, shadow flicker,
impact on wildlife, electromagnetic interference and climate change [1]), noise issues remain
the key environmental factor controlling the extent of a wind farm’s development [2]. Even
at low A-weighted sound pressure levels, there is a substantial negative perception towards
wind turbine noise [3–8]. Therefore, noise impact assessments are commonly required during
the planning phase.

Positioning wind turbines on ridges can potentially intensify momentum extraction from the
wind flow [9], caused by the so-called wind speed-up effect [10–12]. Parameters of relevance
include hill shape, the terrain upwind of the hill, atmospheric stability and whether or not the hill
is forested [9–12].

However, there is little research, to the author’s knowledge, regarding sound propagation
from a ridge-mounted wind turbine to receptor locations across an adjacent valley, although
the measurement-based studies of Evans & Cooper [13] have highlighted the importance of
topography, including valleys, for wind turbine noise propagation. Established knowledge from
other types of environmental noise sources cannot be easily transferred to the present case due
to the unique positioning of the source high above a ridge. Physical phenomena that could be
relevant to the present case include amplification of sound due to the valley (potentially mediated
or intensified by the valley shape and its acoustic ground impedance), partial shielding by the
ridge, and atmospheric refraction and turbulent scattering of sound waves due to the complex
flow fields that are expected in such a geometry. Both the hilly topography and the presence of a
turbine will add to the complexity of the flow. In this work, some of these aspects are studied by
means of numerical sound propagation modelling.

Study of the foregoing expected sound propagation effects demands an advanced
outdoor sound propagation technique. However, consideration additionally needs to be
given to the computational cost, and therefore also the practical applicability of any such
advanced techniques. Meta-analysis of (perception) studies with regard to wind turbine noise
annoyance [14] state that, below 35 dBA, negative effects are generally not found. Logically,
the latter defines the distance of concern. For large horizontal-axis wind turbines, with total
source power levels easily exceeding 100 dBA when operating near their maximum power
production, a propagation distance of minimum 1 km from the source should be attained.
Knowing that wind turbine noise emission spectra typically show a maximum near the
octave band of 1 kHz [15,16], and given that sufficiently detailed wave propagation techniques
need sub-wavelength discretization, the numerical problem becomes challenging regarding
spatio-temporal discretization.

An interesting candidate is the parabolic equation (PE) method (see e.g. [17,18]). The
simplification to one-way sound propagation allows efficient solving of the governing sound
propagation equations. In addition, a refracting atmosphere can be accounted for in detail. For
many cases involving long-distance sound propagation, reasonably accurate predictions can
be made with this methodology. Of specific interest is the Green’s function parabolic equation
(GFPE) method [19,20], as this allows forward stepping at multiples of the wavelength, in contrast
to the sub-wavelength step spacing of most other advanced techniques.

The GFPE, however, cannot be readily used to model sound propagation from a ridge-
mounted wind turbine. The inclusion of undulating terrain will be discussed in this work, and a
number of specific problems will be dealt with. Focus is on accurately accounting for the effect
of terrain undulation in the case of a source positioned high above a ridge. In addition, some
example calculations are provided to show the potential of the proposed model.

In this paper, the specific wind and temperature fields near a ridge wind turbine are not
considered. Only a highly simplified approach is used to model downwind sound propagation,
although more complex flow fields could be rather easily included in the GFPE methodology.
Turbulence scattering and coherence loss are also not considered in this work. Note that, although
there is strong progress in computational fluid dynamics modelling, providing detailed flow
fields in the case of a ridge-mounted wind turbine still remains highly challenging.
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2. The Green’s function parabolic equation method in undulating terrain

(a) Basic stepping equation
The two-dimensional stepping equation of the GFPE method is summarized by equation (2.1).
Some basic features of this technique are discussed below, but a detailed derivation and analysis
can be found elsewhere [17,19,20]. In this forward propagation approach, the vertical array of
pressures p at range r + dr is extrapolated from the previous column at range r. Thus

p(r + dr, z) = exp(−idrk0)

refraction term︷ ︸︸ ︷
exp(idr(k − k0))

×

direct wave︷ ︸︸ ︷{
1

2π
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)
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, (2.1)

with i the imaginary unit, (r, z) the position in, respectively, the horizontal and vertical direction
with dr and dz their spatial discretization steps, Z the ground impedance normalized to that
of (unbounded) air (=ρ0c0, with ρ0 the mass density of air and c0 the sound speed; local
reaction approximation), k0 the reference wavenumber (at the ground surface), k the height-
dependent wavenumber (k = 2π f /c, with f the sound frequency under consideration) and kz the
wavenumber in the (vertical) spatial (Fourier) domain.

Some distinct contributions in equation (2.1) can be identified, namely the direct wave, the
ground-reflected wave and a surface wave. Refraction can be efficiently approached by a phase
correction due to wavenumber variations with height. Temperature (and to a lesser extent
humidity) variations with height are directly linked to changes in sound speed [17,18] involving
no approximations. The horizontal components of the wind speed (parallel to the ground) can
be approached by an equivalent increase in the sound speed (i.e. the so-called ‘effective sound
speed’ approach [17,18]). This stepwise calculation of the acoustic fields allows both the sound
speed profile and the ground parameters to be made range-dependent.

The integrals appearing in the direct and ground-reflected wave terms can be efficiently
calculated by relying on the Fourier transform and its inverse, for which numerically very efficient
algorithms are commonly available, such as the fast Fourier transform.

In order to represent the wind turbine noise source as a point source, the calculations will
rely on the equivalence between (coherent) line source propagation (i.e. the two-dimensional
solution) and point source propagation (i.e. the three-dimensional solution) when expressing
sound pressure levels relative to free-field sound propagation [21] (see §4).

(b) Including terrain undulations
Various approaches for introducing undulating terrain in the PE method can be found, like
the general terrain PE (GTPE) [22], the rotated reference frame approach [23–25] (GFrPE), a
stair-step terrain approach using Kirchoff’s method [26] and the conformal mapping (CM)
method [17,27,28].

The GTPE can be seen as a generalization of the Crank–Nicolson PE (CNPE) method.
This method is applicable to arbitrary terrain profiles and uses terrain-following coordinates.
However, analysis has shown that the local slope angles should not exceed roughly 30° [17].
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In addition, the CNPE is much less efficient than the GFPE, as stepping in the propagation
direction needs sub-wavelength discretization.

The rotated reference frame approach is applicable to the GFPE. The curved ground is treated
as a succession of flat zones with different slope angles. The sound field in each domain starts from
an array of pressure values, orthogonal to the local slope, as calculated from the previous domain.
A number of reduced propagation steps are thus needed near the interface to accurately construct
the next domain’s starting field, which can strongly increase computing times [25]. Sudden slope
changes along the propagation path are difficult to handle.

The stair-step approach might be attractive due to its simplicity. The terrain profile is reduced
to a succession of best-fitting steps that are each treated as small vertical barriers. The part
of the sound field covered by each step is then set to zero. This method further needs a
vertical coordinate shift to continue propagation from the top of the next step. Combining the
foregoing approach with variable step widths provides great flexibility in describing terrain
profiles. However, only reflection on horizontal surfaces is modelled. This means that waves
reflected obliquely in the direction of sound propagation cannot subsequently interfere along the
propagation path. Only part of the acoustic energy will be sent in that direction due to diffraction
at step corners, thereby potentially resulting in a significant loss in accuracy.

In this study, the CM method will be used, which is a computationally highly efficient
approach to account for undulating terrain. The CM method is based on the theoretically perfect
analogy between a circularly curved ground surface with radius Rc and a refracting atmosphere
with the following exponential sound speed profile c:

c = c0ez/Rc , (2.2)

with Rc > 0 for concave ground and Rc < 0 for convex ground, z the height above the ground and
c0 the reference sound speed.

The shielding caused by convex terrain can thus be approached by sound propagating
over flat terrain in an upwardly refracting atmosphere, while concave ground is simulated by
a downwardly refracting atmosphere. A change in sound speed profile comes at almost no
additional computational cost in the PE model. Note that such artificially refracting atmospheres
due to ground curvature are typically much stronger than those observed due to real wind flows
in the atmospheric boundary layer. The latter, however, can be superimposed on the artificial
profile due to ground curving, thus allowing account to be taken of both terrain undulation and
atmospheric refraction.

The main limitation here is the need for simplification to circularly curved terrain segments.
Care is needed to account for the coordinate transform between the real (curved ground) system
and the artificially refractive flat PE domain.

3. Hybrid analytical–conformal mapping–Green’s function parabolic
equation model

When applying the GFPE to the specific case of sound propagation across a valley from a ridge-
mounted wind turbine, two fundamental problems appear.

Firstly, a direct application of the CM approach would actually mean that the source becomes
oriented perpendicular to the curved ground. Clearly, such a configuration, as schematically
illustrated in figure 1a, deviates strongly from a typical wind turbine case. A more realistic
scenario, still consistent with the CM approach, can be achieved by placing two circular ground
segments in series [17,27] (figure 1b). The geometry of interest is thus idealized to sound
propagation over a small convex circular segment representing the ridge (with artificial upward
refraction), followed by sound propagation over part of a large concave cylinder representing the
valley (with artificial downward refraction).

A second fundamental problem when using the PE method for such a case is that sound
propagation can only be accurately described in a relative small cone, horizontally centred around
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(a) (b)

Figure 1. Schematics of two fundamental problems associated with CM–GFPE modelling applied to sound propagation from
a ridge wind turbine. (Online version in colour.)

source

zs

Z
1

Rc1 analytical starting
field

zr

Rc2

Z 2

receivers

Figure2. Geometry of thehybrid analytical–CM–GFPEmodel for simulating soundpropagation fromanelevated sound source,
positioned at a ridge (radius Rc1, source height zs), towards a valley (radius Rc2, receiver heights zr). Z 1 and Z2 are the ground
impedances of the ridge and valley parts, respectively. (Online version in colour.)

the source. In the current context with a source at a large height, a major part of the valley would
be artificially put in an acoustic shadow zone (figure 1b), leading to inaccurate results. Although
applying a higher-order source approximation could extend the cone with correct predictions [17],
at the source side of the valley this problem would still remain.

The solution to this problem is found in the fact that the GFPE method is able to commence
from any vertical array of pressures that can be accurately calculated at sub-wavelength spacing.
There are actually three possibilities. Most commonly used is a Gaussian starter [17] as the
first column of pressures, representing a monopole source. Accuracy up to larger propagation
angles can be achieved by a higher-order approach of the latter [17]. Secondly, another full-wave
technique can be used to produce a starting field at close distance from the source [21,29]. A third
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option, as done in this work, uses the analytical solution for coherent line source diffraction
around an impedance cylinder (with circular cross-section), with the line source parallel to the
cylinder axis (summarized in appendix A).

As a result, the current hybrid analytical–CM–GFPE model does not suffer from angle
limitations in the source region. As shown in figure 2, sound propagation over exactly one-quarter
of the cylinder, representing the ridge, is simulated to facilitate the coupling to the valley part.
This avoids complicated interpolation at the interface with the valley section. Note that, for the
valley part, the ground can be further split up in segments with different impedance. The starting
field must be characterized on a vertical grid with a (logarithmically) decreasing spacing towards
higher positions. This is necessary to comply with the CM coordinate transform from the curved
surface to a grid with a uniform vertical spacing in an (artificially) refracting environment [17,27].

4. Numerical validation
The numerical codes and their parameter choices employed in this study have been validated
in two-dimensional cases by intercomparison with other prediction methods (see figure 3 and
table 1 for an overview). Note that, although the numerical techniques proposed for the hybrid
model (see §3) are theoretically sound, such an exercise is still useful: it is stressed, e.g. in [30],
that the GFPE method needs some critical parameter choices, potentially strongly impacting on
numerical accuracy. All surfaces were chosen to be rigid, allowing a detailed check of the accuracy
of predicted interferences, these becoming most pronounced in such a case. Sound pressure levels
relative to free-field propagation (unbounded domain) are compared in all cases. This allows
focus to be maintained on the physical wave aspects since geometrical divergence, which is
always present, is excluded.

In case A, the axisymmetric [17] CM–GFPE is validated against the analytical solution for
sound diffraction around a cylinder (see appendix A) in the case of circularly convex ground.
Note that the CM–GFPE could give rise to numerical issues when source and/or receiver heights
are large relative to the ground radius [17]. Therefore, a somewhat larger radius was chosen than
would otherwise be appropriate for the ridge part of the model.

In case B, the axisymmetric CM–GFPE is compared with the two-dimensional finite-difference
time-domain (FDTD) technique [31] for the case of a circularly concave ground segment. The
FDTD technique can be considered as a reference solution over a wide range of acoustical
applications. A somewhat larger radius for the ground curvature is now taken compared with
validation case A, but still smaller than the radius of a typical valley. This is because the FDTD
method is computationally highly demanding. Note that the effect of ground curvature on sound
propagation becomes visible at a short distance (see later), thereby justifying this choice. The
FDTD code as used here, in its basic form, employs a staircase approach, leading to scattering at
the rigid edges of the steps. This effect can be strongly reduced when analysing a lower sound
frequency, ensuring a high ratio between wavelength and spatial discretization step.

In case C, the methodology to develop the GFPE solution from an analytically constructed,
coherent line source starting field is compared with the analytical solution of sound propagation
over flat rigid ground, directly starting from the source. A two-ray analytical solution for a
coherent line source is used for the latter [17,32,33].

Validation case A shows good agreement between the analytical solution describing sound
propagating around a circular rigid cylinder and the CM–GFPE. Figure 4 shows the sound field
in the transformed coordinate system used by the CM–GFPE (with r the distance along the arc).
Receivers are positioned at a fixed height relative to the arc. At close distance, the angle limitation
of the PE method becomes visible, as discussed before. Note that an eighth-order starting field
was used here (see §3 and [17]), thereby partly mitigating this inaccuracy. The CM–GFPE yields
somewhat less pronounced destructive interference dips that appear at short distance in this
particular case; the (very) low levels due to sound wave cancelling are typically not reached with
a numerical technique. Near the constructive interferences, differences amount to 0.6 dB. In the
deep shadow zone, some small oscillations in the CM–GFPE could be observed.
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Figure 3. Schematics of the validation cases considered.

Table 1. Cross-validation cases considered, with indication of their geometries.

parameter case A case B case C

models compared CM–GFPE versus
analytical solution

CM–GFPE versus
FDTD

GFPE with analytical starter
versus (full) analytical
solution

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sound frequency (Hz) 500 250 500
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Rc (m) −50 (convex) 100 (concave) ∞ (flat)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

zs (m) 5 5 5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

zr (m) 1 2 zone of receivers
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

maximum angle over
which propagated

π /2 π /6 zone of receivers
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

maximum propagation
distance along arc (m)

78 50 550
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 4. Sound pressure level (SPL), relative to free-field (FF) sound propagation, near a rigid convex circular cylinder at a fixed
receiver height along the arc (validation case A). (Online version in colour.)
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Figure 5. Sound pressure level (SPL), relative to free-field (FF) sound propagation, near a rigid concave circular cylinder at
a fixed receiver height (‘curved ground’, validation case B) along the arc. For comparison, sound propagation over a flat rigid
ground with the same source–receiver positioning is also depicted (flat ground). (Online version in colour.)

Figure 5 shows the comparison between the FDTD and the CM–GFPE methods for a concave
rigid surface (validation case B). For comparison, sound propagation in the case of the same
source–receiver geometry but over flat rigid ground is depicted. The specific curvature of the
ground leads to some distinct effects, such as the loss of the strong destructive interference at
about 29 m from the source, and the small shifts in interferences at short distance. The agreement
between the FDTD and the CM–GFPE methods is very good, with differences smaller than 0.7 dB;
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Figure 6. Sound pressure level, relative to free-field sound propagation (in dB), over flat rigid ground in a dense receiver grid.
(a) GFPE results using an analytical starting field are depicted and (b) the (full) analytical solution (validation case C). (Online
version in colour.)
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Figure 7. Sound pressure level difference (in dB) between GFPE predictions starting from an analytically constructed starting
field and the full analytical solution for sound propagation over flat rigid ground (validation case C). (Online version in colour.)

similar remarks as for validation case A could be made regarding the angle limitation in PE
close to the source, and regarding the magnitude of the destructive interferences. Other (small)
differences might come from the fact that the FDTD is a full-wave technique, including backward
scattering which is fully neglected in the forward-stepping GFPE approach, from the stair-step
approach in FDTD, and from the fact that there will be small phase errors that are inherent to
the FDTD technique [34]. Validation cases A and B further show the accuracy of the equivalence
between a point source and coherent line source solutions in such complex geometries when
expressing results relative to free-field sound propagation (see §2a).

Validation case C (figures 6 and 7) shows excellent agreement between the analytical solution
applied to a dense receiver grid and the analytical starter propagated further with GFPE. The
analytical starter is located at 50 m from the source. Only predictions from that distance on are
depicted. The field plots presented in figure 6 are almost indistinguishable. The level differences
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plotted in figure 7 show some small deviations only at the zones where the conditions for
destructive interference are met.

5. Calculation example: valley ground type
This section shows the potential of the proposed hybrid analytical–CM–GFPE methodology to
assess sound pressure levels across a valley in the case of a single ridge wind turbine. The
influence of valley ground type is studied.

Sound propagating from a point source (concentrating all the wind turbine’s emitted acoustic
energy at hub height) at a height zs = 75 m on top of the ridge is considered. The ridge part is rigid
and has a radius Rc1 = 10 m. Predictions are made across the adjacent valley with a radius Rc2 of
500 m at a fixed receiver height zr = 4 m (i.e. the typical receiver height as used in noise mapping).
Two valley ground types are modelled, namely rigid and grass-covered ground. For the latter, the
common Delany & Bazley impedance model [35] has been used as being appropriate to model
reflection from grassland and characterized by a flow resistivity of 200 kPa s m−2.

The following numerical parameters were used for the simulations. An absorption layer [17]
thickness of 150 wavelengths is chosen, with the ratio between dr and dz being set to 30. These
choices are consistent with the guidelines presented in [26]. In order to sufficiently assess the
sound field along the arc, and taking into account the strong (artificial) refraction to represent the
ground curvature, 40 computational cells per wavelength were chosen in the vertical direction. As
a result, the spatial step dr stays below the wavelength. The starting field is constructed in detail
up to 75% of the valley radius. No accuracy loss was observed by reducing the spatial sampling
while calculating the starting field to five cells per wavelength, followed by linear interpolation.
Part of a Hanning window was used to gradually allow the pressure to go to zero towards the
top of the calculation domain in order to prevent spurious reflections. Analysis is performed in
octave bands. Twenty sound frequencies were individually simulated with the hybrid analytical–
CM–GFPE model to constitute each band.

Numerical results depicted in figure 8 show a rather complex sound pressure level distribution
along the valley. In both ground type scenarios, significant shielding is observed directly near
the source side of the valley. However, strong differences are predicted further across the valley.
Starting from about the centre of the valley, near-free-field sound propagation is predicted at
all octave bands for the rigid ground, while there is a much stronger reduction along the
grass-covered valley. Effects become increasingly pronounced with increasing sound frequency,
consistent with the fact that surface impedance decreases with frequency. These numerical
simulations indicate the importance of ground type in the case of ridge wind turbines emitting
sound into a valley. This behaviour deviates from wind turbine sound propagation above flat
ground, where the effects of ground type are typically much less pronounced [36].

An estimation of the total wind turbine received sound pressure level is shown in figure 9,
for both ground types. A (relative) spectrum is considered to allow balancing the importance of
the different octave bands, as they behave quite differently during propagation across the valley.
To perform this analysis, the mean over a large set of spectral source power level measurements
near large horizontal-axis wind turbines with a power production of more than 2 MW, as reported
in [15], is used. This spectrum is repeated in appendix B.

When assuming a total sound power level of 105 dBA, the 35 dBA broadband exposure
level (i.e. −70 dBA in figure 9) below which negative noise-related effects are not expected (see
Introduction) is predicted after 240 m (28°, relative to the interface between the ridge and valley
segments) and 662 m (76°) propagation across the valley, for grass-covered and rigid ground,
respectively. Note that these predicted distances involve a single wind turbine only; a series of
wind turbines positioned on a ridge would be common practice, however.

Note that, in this assessment, the specific noise emission characteristics of wind turbines
located on ridges is not included, neither are the complex wind fields that might be expected at
such locations. In a strongly simplified approach, a logarithmic wind speed profile (homogeneous
atmosphere) is assumed following the valley terrain, using an aerodynamic roughness length of
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Figure 8. Predicted sound pressure levels (relative to free-field sound propagation, in dB) across the valley, in the case of a rigid
(a) and a grass-covered valley (b), at a receiver height of 4 m. Octave bands with centre frequencies ranging from 63 Hz to 1 kHz
are presented. (Online version in colour.)
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Figure 9. Predicted sound pressure levels (SPL) at a receiver height of 4 m across the valley arc, in the case of rigid and grass-
covered valley ground. The total source power level is normalized to 0 dBA (see appendix B). (Online version in colour.)

0.05 m and a friction velocity of 0.4 m s−1. Atmospheric absorption [37] is modelled assuming an
air temperature of 10°C, a relative humidity of 70% and an atmospheric pressure of 101 300 Pa. The
frequency range considered includes the octave band with centre frequency 2 kHz. For reasons of
computational efficiency, the very time-consuming sound propagation calculations for the 2 kHz
octave band were not performed (and the 1 kHz band results were recycled). This is justified by
the fact that atmospheric absorption becomes pronounced at these higher frequencies and source
power levels start to drop; a more accurate assessment of the propagation at this band would,
therefore, only slightly increase accuracy when assessing total noise exposure levels from the
wind turbine.
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6. Conclusion
A hybrid analytical–CM–GFPE methodology is presented to model sound propagation from a
ridge-mounted wind turbine, represented here by an elevated point source above the ridge, across
an adjacent valley. The hybrid method relies on an analytical solution for sound diffraction around
an impedance cylinder and the CM–GFPE technique. The geometry is simplified to a convex
segment with a small radius, representing the ridge, followed by a large-radius concave circular
segment, representing the valley. The hybrid model overcomes issues such as the unrealistic
positioning of the source that would otherwise result from the CM approach, and the general
angle limitation of the PE method. Various aspects of the model were successfully validated by
means of cross-validations against other numerical or analytical techniques. Calculation examples
show the complex sound pressure level distribution in such a ridge–valley geometry. At the
source side of the valley, noise shielding from a (single) wind turbine is predicted. Starting from
the centre of the valley, near-free-field sound propagation is observed at all octave bands for the
rigid ground case, while there is a strong level reduction along a grass-covered valley. Although
wind speed profiles were highly idealized in this work, the calculation methodology has the
potential to include the effect of refraction and turbulent scattering as a result of the complex
flow fields that might be associated with such a wind turbine placement.
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Appendix A. Analytical solution for coherent line source diffraction around
an impedance cylinder
The total pressure p at point P, at a (radial) distance R relative to the origin of the cylinder, emitted
by a coherent line source at point Q, parallel to the cylinder axis and at a distance Rq from the
origin of the cylinder, consists of the direct contribution from Q to P (=pd), and the scattered
sound pressure (=ps) [33] (see figure 10):

p = pd + ps. (A 1)

The direct contribution is calculated as follows (assuming a unity-amplitude source):

pd = H2
0

(
k0

√
R2

q + R2 − 2RqR cos(θ )
)

. (A 2)

Calculating the scattered field is somewhat more involved, and needs the following summation:

ps =
∞∑

m=0

amδmJm(k0Rq)H2
m(k0R) cos(mθ ) (A 3)

with

δm =
{

1, m = 0,

2, m > 0.
(A 4)

The term am in equation (A 3) is calculated as follows:

am = − iJ′m(k0a) + (1/Z)Jm(k0a)

iH′2
m(k0a) + (1/Z)H2

m(k0a)

H2
m(k0Rq)

Jm(k0Rq)
. (A 5)

The derivatives of the Bessel and Hankel functions, with respect to their arguments, can be
calculated using the following expressions:

J′m(k0a) = m
k0a

Jm(k0a) − Jm+1(k0a) (A 6)
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Figure 10. Overview of parameters involved in the analytical solution for coherent line source diffraction around an impedance
cylinder.
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Figure 11. Source power level spectrumused for the calculations depicted in figure 9, based on Søndergaard [15]. The spectrum
was normalized to a total source power level of 0 dBA.

and

H′2
m(k0a) = 1

2 (H2
m−1(k0a) − H2

m+1(k0a)). (A 7)

In the equations above, k0 is the wavenumber, a the cylinder radius, θ the angle between source
and receiver, H2

m the Hankel function of mth order and second kind, Jm the Bessel function of order
m and Z the (normalized) locally reacting surface impedance of the cylinder.

Appendix B. Wind turbine source power spectrum
The source power level spectrum depicted in figure 11 was used to calculate total A-weighted
exposure levels. This spectrum is the average based on a large number of measurements near
horizontal-axis wind turbines with a power production of more than 2 MW, as reported by
Søndergaard [15].
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