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Despite the growth rates of photovoltaic solar parks, their potential to alter land surface temperature remains
unclear. Yet, resolving temperature impacts is pivotal to understanding the implications for ecosystem function,
and the consequences for society due to perturbations to ecosystem service supply and natural capital stores. Here,
for the ﬁrst time, we demonstrate the existence of a solar park land surface temperature cool island eﬀect that
extends beyond the solar park boundary, using Landsat satellite imagery. The cool island eﬀect was quantiﬁed
for two large ground-mounted solar parks, Longyangxia (850 megawatts) in China and Stateline (300 megawatts)
in the United States of America, where the eﬀect was conﬁrmed using ﬁeld-based measurements. At both sites,
the cooling extended up to 730 m away from the solar park boundary with localized reductions in LST of up
to 2.3 °C. These cool islands could aﬀect large areas of the land surface as solar parks proliferate across the
world, with notable positive or negative impacts on ecosystem function. Given the potential implications for
ecosystem processes, including carbon feedbacks to climate change and the carbon intensity of the electricity
produced, improved understanding of solar park LST impacts is required. Speciﬁcally, this knowledge is needed
to inform the development of sustainable land use and energy policies considering the rapid growth of solar park
developments.

1. Introduction

ployed as utility-scale (>1 megawatts (MW)) solar parks in 2018; this
trend is anticipated to continue until at least 2023 [8].
Ensuring sustainable land use decisions as energy decarbonisation
progresses is pivotal given the concurrent impending land scarcity
[9] and the reducing capacities of ecosystems to support growing populations due to environmental degradation [10,11]. Consequently, whilst
projections of LULCC for solar parks comprise a small land area relative to the global land surface, developments must be strategically
implemented, to protect and enable ecological processes and properties that underpin societal needs, including food production, culture
and recreation, ﬂood regulation and carbon sequestration [12]. However, although knowledge of solar park impacts on ecosystem processes
is emerging, for example implications for vegetation productivity and
community composition [13-15], greenhouse gas emissions [13], crops
[16,17], biodiversity [18,19] and cultural ecosystem services [15], signiﬁcant knowledge gaps remain [20,21], preventing commensurate inclusion in energy and environment policies.

Land use and land cover change (LULCC) owing to renewable energy development poses both opportunities and risks for ecosystems,
with limited incorporation in energy policies [1,2]. Given the increased
awareness of the ecological emergency, potential risks could stall deployments and unrealised opportunities omitted from project development proposals. Rapid resolution of the type, magnitude and spatial extent of ecosystem impacts and development of industry guidance and
policy is urgent, given the exponential growth in renewable energy in
response to increased global energy consumption per capita [3], international eﬀorts to ensure access to energy for all [4], and the need to decarbonise existing energy supply [5]. Developing scientiﬁc understanding
of LULCC for ground-mounted, photovoltaic (PV) solar energy parks is
critical as PV dominates renewable energy growth [6,7] with ∼72% de-
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Despite the climate regulation of important ecosystem processes
[22,23], the impact of LULCC for solar parks on the local climate is
poorly resolved [18,20]. Indeed, current knowledge is less developed
than that for wind farms, despite the higher anticipated growth rates
of solar [6] and the more signiﬁcant impact of LULCC for solar compared to wind [20]. Moreover, evidence indicates that wind farms alter
the microclimate within and outside site boundaries with implications
for ecosystem processes, including crop growth [24,25]. Emerging understanding of the climatic impacts of LULCC for solar parks evidences
altered air and surface temperatures to magnitudes known to impact
ecosystem processes and identiﬁed by the Intergovernmental Panel on
Climate Change (IPCC) as suﬃciently high to compromise sustainable
development [5,13]. Speciﬁcally, there is growing consensus to date that
air temperature increases within solar parks, for example, up to 3 - 4 °C
in a hot semi-arid climate zone and 2 - 5 °C in a cold desert climate
zone [26,27]. However, there is evidence of temporal variation with
season and throughout the diurnal cycle [28]. Conversely, soil and land
surface temperature (LST) within solar parks is generally cooler, with
diﬀerences of over 5 °C observed in both temperate and arid environments [13,27,29,30]. Although some evidence indicates that there can
be seasonal diﬀerences with warming occurring in winter [13,31]. There
is also some evidence that solar parks can alter air temperatures outside their boundaries, resulting in perturbations to ecosystem processes
across areas of land beyond that disturbed by the physical presence of
the solar park. For example, regional climate warming of 1 °C in near
surface air temperature was simulated in response to very large-scale
deployment of solar across the Sahara and Sahel [32]. At more local
scales, modelling simulations in mediterranean and temperate urban areas have shown air temperature ‘solar park cool island’ eﬀects of <0.5
°C [33,34] and in semi-arid and continental natural systems empirical
evidence suggests an air temperature ‘solar park heat island’ of up to 4.0
°C [26,35]. These diﬀerences in temperature are attributable to perturbations to the surface energy balance caused by the physical presence
of the panels and the removal of energy from the system as electricity.
However, our understanding of the spatial extent and magnitude of LST
perturbation remains incomplete, despite that LST is arguably more important than air temperature for resolving ecosystem implications given
its greater relevance for near surface and below ground processes that
underpin ecosystem function [36].
The existence of satellite data across the world oﬀers an unexplored
robust means of quantifying the spatial extent and magnitude of local solar park LST impacts, with its proven utility to quantify heat and
cool island eﬀects caused by other LULCC including wind farms [25],
desert cities [37,38] and green parks [39]. The existence of imagery
both before and after solar park construction is a considerable advantage over ﬁeld studies which are commonly stymied by the lack of preconstruction data, a focus on air temperatures (given the known heterogeneity of land surface temperatures), and small measurement areas.
Further, resolving the spatial extent of solar park LST impacts will better capture the perturbations as air temperatures vary signiﬁcantly in
response to wind speed and turbulence; satellite-derived air temperature measurements are commonly less accurate [40,41]. Consequently,
resolving the spatial extent and magnitude of solar park LST eﬀects using satellite imagery oﬀers considerable insight into potential ecosystem
response, enabling improved land governance and solar site location decisions.
In this study, we identify, for the ﬁrst time, the existence of an LST
cool island owing to ground-mounted solar parks that extends beyond
the solar park boundary. Speciﬁcally, we quantify the spatial extent
and magnitude of LST cool islands surrounding two ground-mounted,
large-scale ﬁxed-axis PV solar parks – Longyangxia Solar Park (hereafter ‘Longyangxia’), Qinghai Province, China, and Stateline Solar Facility (hereafter ‘Stateline’), California, United States of America (USA).
We use Landsat satellite imagery at both sites, which has not previously
been used to assess impacts of solar parks on temperature, and, given
the novelty of our ﬁndings, we also collected complementary ﬁeld data

at Stateline to establish if the LST cool island eﬀect was detectable from
ground-based measurements.
2. Materials & methods
2.1. Study sites
We investigated the LST cooling at two solar parks, Longyangxia
Solar Park, Qinghai Province, China (36° 00′ 04″ N, 100° 27′ 14″ E,
∼2850 m altitude) and Stateline Solar Facility, California, USA (35° 35′
08″ N, 115° 26′ 09″ W, ∼820 m altitude). We used the World Resources
Institute Global Power Plant Database, Köppen-Geiger climate classiﬁcation map and the global ecological land unit map [42] to identify
large solar parks in arid climate zones and ‘arid or shrub’ or ‘arid/semiarid/bare’ ecosystems. Out of the twenty above 200 MW identiﬁed,
those solar parks with complex topography and disturbed surrounding
land (i.e. agricultural or built up areas) were excluded. Out of the remaining solar parks, Longyangxia was selected as it was the world’s
largest solar park at the time and Stateline due to ease of ﬁeld access.
Longyangxia has a current installed capacity of 850 MW (the capacity
factor and PV panel type are unknown, attributable to the multiphase
build). The PV panels face south, are tilted at 34° with the front edge
∼40 cm above the ground (ﬁeld measurement) and 7.5 m between the
rows [27]. It is in a plateau continental climate zone, with an average annual solar radiation of 15,742 kJ m−2 day−1 , temperature of 4.0 °C, and
precipitation of 372 mm [43]. Longyangxia covers 84.6 km2 of natural
grassland (with only 65.3 km2 covered by PV arrays given the shape)
comprising 10% bare soil (Bai and Zeng-Yuan et al., 2006). Stateline is
almost a third of the size of Longyangxia, with a capacity of 300 MW
and a capacity factor of 24%, averaged over 2016–2018 [44,45]. The
thin-ﬁlm cadmium telluride PV panels face south, are tilted at 25° with
the front edge ∼46 cm above the ground and ∼2.8 m between the rows
[46]. It is located in the Ivanpah Valley of the Western Mojave Desert, a
region that has been identiﬁed as a distinct hotspot of renewable energy
development relative to other parts of the Mojave Desert (Parker et al.
2018). It is in a desert climate zone, with an average annual solar radiation of 19,616 kJ m−2 day−1 , temperature of 18.1 °C, and precipitation
of 139 mm [43]. It covers 4.6 km2 of an active desert piedmont that
drains to a playa lake (Ivanpah Lake) to the east of the facility.
2.2. Remote sensing data analysis
In summary, we use Landsat satellite imagery to quantify changes
in the LST in buﬀer zones extending from the park boundaries every
month for a year, both before and after solar park construction. To account for variation in meteorological conditions between sampling days,
we analysed for diﬀerences in the LST of adjacent buﬀers in each image,
using signiﬁcant diﬀerences before and after solar park construction to
delineate the extent of the LST cool island. This allowed the establishment of a ‘control’ area and therefore estimates of absolute temperature
deviations for each buﬀer.
Cloud-free Landsat images were identiﬁed in Google Earth Engine
(GEE) for path-row numbers 133–35 and 132–35 for Longyangxia and
39–35 for Stateline. Given the varying image qualities in response to
cloud cover, one image per month was selected over a two-year period
prior to and post solar park construction (Table 1). The two exceptions
to this were both for the Longyangxia sit: (1) a November image from
outside the two-year period was used for the pre-construction period
due to persistent cloud cover, and (2) no suitable post-construction images were available for October hence this month was excluded from
the analysis. For the pre-construction period, Landsat 5 images (Tier 1
Raw Scenes) were used and for the post-construction period, Landsat 8
images (Tier 1 Raw Scenes) were used. LST was obtained from the images using the Google Earth Engine Toolbox (GEET; [47]) which uses a
method outlined in Giannini et al. [48] (Fig. 1).
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Table 1
Landsat images used for the analysis (dd-mm-yyyy). The images were captured between 11:04 and 11:15 local time at Stateline and between 11:38 and 11:56 local
time at Longyanxia. Landsat 5 images were used for the pre-construction period and
Landsat 8 for the post-construction period: Landsat 5 was decommissioned on 5th
June 2013 and Landsat 8 was launched on 11th February 2013 to replace it. There
are slight diﬀerences in wavelengths of the thermal infrared bands (10.40–12.50
μm, band 6, for Landsat 5 and 10.6–11.19, band 10, for Landsat 8), but given our
analysis methods any diﬀerences will have very limited impacts on our ﬁndings.
Longyangxia
Prior to construction

Post construction

18/01/2010
11/01/2019
19/02/2010
02/12/2019
07/03/2010
29/03/2018
01/04/2010
17/04/2019
10/05/2010
06/05/2017
17/06/2009
13/06/2019
29/07/2010
16/07/2017
11/08/2009
10/08/2017
28/09/2009
11/09/2018
Excluded as no suitable post image
07/11/2006
14/11/2018
04/12/2010
10/12/2018

To determine if the solar park altered LST, using the remote sensing
data we imposed 100 m wide buﬀers around the solar array, starting at
30 m from the PV panels at Longyangxia (no fence line enclosing the PV
panels) and the fence line at Stateline to avoid mixed pixels (Landsat
resolution is 30 m) and extending up to 2030 m. The boundary of Stateline was taken as the fence line as there were varying areas of disturbed
ground between the PV arrays and the fence line, which if included
in the buﬀer zones, could distort the analysis (see SI). The buﬀers ran
parallel to the edge of the PV panels for Longyangxia and fence line at
Stateline. This resulted in twenty buﬀer zones, with the buﬀer closest
to the solar array extending from 30 – 130 m and buﬀer furthest away
from 1930 – 2030 m. Areas with diﬀerent surface covers or that may
have been impacted by other surface features were removed (see SI). In
order to encapsulate growth in the PV arrays at Longyangxia over time
the location of the buﬀer zones were determined for each post construction Landsat image. For the pre-construction images the buﬀer zones
of the corresponding month post construction were used. The land surface area within each buﬀer ranged from 4.52 to 6.63 and from 0.71 to
1.06 km2 at Longyangxia and Stateline, respectively.
To test if solar parks create a cool island eﬀect using the Landsat data
the average LST of each buﬀer (Ti where, i is the ordinal number of the
buﬀers (1 ≤ i ≤ 20)) was calculated. Then, to normalise for the eﬀect
of changing temperatures on diﬀerent days, the percentage deviation
from the average LST of the entire buﬀer area (i.e. 30 – 2030 m) was
calculated for each buﬀer (Di ):
𝐷𝑖 =

𝑇𝑖 − 𝑇(1,20)
𝑇(1,20)

× 100

Post construction

15/01/2010
16/02/2010
20/03/2010
24/04/2011
07/05/2010
08/06/2010
13/07/2011
11/08/2010
12/09/2010
17/10/2011
15/11/2010
01/12/2010

18/01/2017
22/02/2018
07/03/2017
11/04/2018
13/05/2018
11/06/2017
13/07/2017
14/08/2017
15/09/2017
17/10/2017
18/11/2017
04/12/2017

as determined by the ANOVA) and then subtracted this from the average LST of each of the buﬀers (Ti ) to derive the absolute temperature
deviations (Ki ):
𝐾𝑖 = 𝑇𝑖 − 𝑇(𝑐, 20)

(3)

This was completed for each of the before and after solar park construction remote sensing images.
2.3. Surface topography and characteristics
At both sites slope, aspect, incoming solar radiation and shading effects were derived from high resolution digital elevation models (DEMs;
a 30 m DEM for Longyangxia, the Advanced Land Observing Satellite
(ALOS) Global Digital Surface Model AW3D30, and a 10 m DEM for
Stateline, the United States Geological Survey (USGS) National Elevation Dataset) using GIS software (ArcGIS Pro 2.4) to ensure that there
were no underlying topographical causes for variation in LST. Moreover,
unsupervised classiﬁcation techniques were employed on the multispectral Landsat imagery to ensure that LST trends were not driven by variations in surface properties.
2.4. Field data
In summary, at Stateline, we recorded LST on transects originating
from the solar park boundary and extending outward and normalised
for the eﬀect of changing temperature over time by subtracting the LST
recorded by a stationary temperature logger.
Speciﬁcally, LST was measured in the ﬁeld at approximately 18:00
as we anticipated that the eﬀect would be strongest in the late afternoon
to early evening. We measured LST along randomly selected northern,
southern and western transects on 01/07/19, 29/06/19, 03/07/19, respectively. The transects extended from the solar park fence to approximately 800 m, except for the west transect which stopped at 750 m given
the potential inﬂuence of the neighbouring concentrating solar power
plant. No transect was taken on the eastern side as there was a dry lake
bed with diﬀerent surface characteristics (see SI). A handheld infrared
thermometer gun (Fluke 62 Max+, UK; emissivity: 0.95, spot:distance of
12:1) was used to take measurements approximately every 10 m along
the transects focussed on areas unoccupied by vegetation and shadows
in order to minimise the characteristic high spatial variability in LST.
The gun was held 132 cm from the land surface in an unshaded area,
providing LST measurements integrated over 95 cm2 . At each point on
the transect LST temperature, longitude, and latitude (Garmin Foretrex

(1)

Then, the diﬀerence in the temperature deviation of adjacent buﬀers
(𝜃 i ) was calculated:
𝜃𝑖 = 𝐷𝑖−1 − 𝐷𝑖

Stateline
Prior to construction

(2)

For example, 𝜃 2 is the average LST temperature deviation of the ﬁrst
buﬀer from the site wide mean (D1 , 30–130 m) minus the average LST
temperature deviation of the second buﬀer (D2 , 130–230 m). Then the
diﬀerences in 𝜃 i before and after solar park construction were tested using analysis of variance (ANOVA) with month as a repeated measure and
presence of the solar park as the explanatory variable; p values <0.05
were deemed signiﬁcant.
We used the outcomes of the ANOVA analysis to delineate the buﬀers
aﬀected by the solar park construction and those which could be designated as a control area. We calculated the average LST of the control
area (𝑇(𝑐, 20) , where c is the ﬁrst buﬀer not aﬀected by PV solar park
3
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Fig. 1. Details of the LST calculation using Google Earth Engine Toolbox [47], which uses a method outlined in Giannini et al. [48] and uses an emissivity method
from Sobrino et al. [49].

401, Garmin International, Inc., KS, USA) and time were recorded along
with any morphological features (e.g. wash, gully) and a qualitative descriptor of the land surface (i.e. sandy, sandy-rock, rocky-sand or rock).
Each transect took approximately one hour to complete, consequently,
in order to correct for changing time of day an infrared temperature
sensor logger (Calex Pyromini PM-MA-21-CT-CRT, UK; emissivity: 0.95,
spot:distance 2:1) was set up near the solar park boundary. Brieﬂy, a
tripod, constructed of 2 mm wire to minimise shading, was constructed
and LST logged at one-minute intervals was mounted 22 cm from the
surface, providing LST from a 95 cm2 area of the land surface. The logger LST data was smoothed (by regressing r2 , r3 , 1/r, and 1/r2 , where
r = record number in the logging data set, against the logger temperature record and then predicting the LST) to remove eﬀects of shading
by nearby vegetation where applicable and sensor movement, and then
subtracted from the time-matched gun data to normalise for changes in
LST with time. Further, the GPS sampling locations were entered into
ArcGIS and the distance from both the PV arrays and boundary between
the graded area and undisturbed desert derived and the LST average
across the same 100 m buﬀers as the Landsat data. To enable compar-

isons between transects the LST were adjusted so that the LST of the
buﬀer adjacent to the solar park boundary was zero.

3. Results
3.1. Landsat evaluation of a solar park lst cool island eﬀect
The extent of the LST cool island, as deﬁned by diﬀerences in LST
between adjacent buﬀers before and after solar park construction, extended up to 730 m away for both Longyangxia and Stateline (p <
0.05) with the exception of between 330–430 m and 430–530 m at
Longyangxia (p < 0.09) and 430–530 m and 530–630 m at Stateline
(p > 0.10). Speciﬁcally, the diﬀerences in LST between adjacent buﬀers
were greater after solar park construction, indicating a cooling nearer to
the solar park boundaries (see SI). Consequently, we ascribed the land
area greater than 730 m away from the solar park boundaries as a ‘control’ area to enable quantiﬁcation of the absolute magnitude of cooling
in each of the buﬀer zones.
4
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Fig. 2. Average annual absolute Landsat derived LST deviation, in
°C, from the control area mean (>730 m from solar park boundary)
for each of the buﬀer zones before and after solar park construction for (A) Longyangxia and (B) Stateline. The solid light grey line
with triangles represents the temperature deviation before the solar park construction and the dashed dark grey line with squares
after construction. The circles are located at the mid-point in each
buﬀer. Error bars represent the standard error.

At Longyangxia after construction, the LST deviation 30–130 m from
the solar park boundary was 1.7 °C cooler on average than the control
area throughout the year (Fig. 2), and up to 2.3 °C cooler in March (see
SI). Examination of directional transects from individual months demonstrates, in addition to the spatial heterogeneity in surface temperatures
that we expect, evidence of the cool island to the east, south and west
(north excluded given potential inﬂuence of nearby PV panels and topographical variation) after the solar park was constructed (Fig. 3). These
trends observed did not correlate with surface topography or characteristics derived through multispectral classiﬁcation of other Landsat
bands. Further, before the Longyangxia solar park was built the LST deviation 30–130 m from the solar park boundary averaged 0.1 °C cooler
than the control area and there was no clear trend with distance away
from the solar park boundary (Figs. 1& 2).
An LST reduction was also apparent at Stateline; however, there was
underlying variability in LST prior to solar park construction: the LST
decreased by 2 °C at an approximately linear rate from the solar park
boundary to 2 km away (Fig. 2). Despite this underlying trend in LST
with distance from the solar park, statistical analysis of the diﬀerence
in temperature between adjacent buﬀers before and after construction
indicated a cool island up to 730 m away (see SI). Moreover, a cool island was still evident close to the park boundary (Fig. 2). Speciﬁcally,

the LST buﬀer nearest to the Stateline boundary was 0.5 °C above the
control area average then warmed up to 330 m and then began to cool,
following the trend prior to solar park construction (Fig. 2). The cooler
LST closer to the solar park was apparent to the north, south, and west
(east excluded given the presence of a dry lake bed), and this trend was
not apparent before construction (Fig. 4). Like Longyangxia, the trends
observed could not be explained by topography or surface characteristics.
3.2. Field evaluation of a solar park lst cool island eﬀect
Given the novelty of our ﬁndings, we sought evidence of the cool
island eﬀect at Stateline using ﬁeld measurements originating at the solar park boundary and extending to ∼750 m. Despite the small ﬁeld
measurement resolution (i.e., 95 cm2 compared to 30 m2 for satellite
imagery) and known high spatial variability in LST, the ﬁeld measurements suggest a solar park cool island eﬀect (Fig. 5). For both the north
and west transects, which were measured under clear sky conditions,
the normalised LST (i.e. LST at the transect measurement location minus the LST at the logging location averaged within the 100 m buﬀers,
with the LST of the buﬀer closest to the solar park boundary adjusted to
zero to enable comparisons between transects) was lower adjacent to the
5

L. Guoqing, R.R. Hernandez, G.A. Blackburn et al.

Renewable and Sustainable Energy Transition 1 (2021) 100008

Fig. 3. LST impacts at Longyangxia. (A) Landsat image of
Longyanxia Solar Park with PV array outlines and transects depicted in blue and red respectively. (B) Temperature deviations
from the control area mean along direction transects before and
after solar park construction in June (average LST 34.9 °C and
34.5 °C, respectively). Figure includes Image from GoogleGB : Airbus Maxar Technologies.

solar park boundary suggesting cooling. In contrast, the ﬁeld measured
normalised LST on the south transect was warmer closer to the solar
park Fig. 5. However, the south transect measurements were taken under cloudy sky conditions and the LST deviations were notably more
constant along the transect (ranging from 0.5 to 1.1 °C) compared to
the north (ranging from 0.8 to 4.3 °C) and west (ranging from -0.2 to
3.1 °C) transects (Fig. 5).

corporate them into energy policies. Resolving the climate, and in particular temperature perturbations is foundational given its known inﬂuence over ecosystem response and ultimately the wider reaching implications for society [22]. We have shown, for the ﬁrst time, a measurable
LST cool island eﬀect that extended up to 730 m away from the solar
park boundary and with temperature cooling of up to several degrees
Celsius (Figs. 1-3). To the best of our knowledge, there are no other
quantiﬁcations of LST with distance away from solar parks (i.e. outside
the boundary), the magnitude of change is comparable to those studies
that measured soil or LST under and away from solar arrays. This cool
island phenomenon was evident in Landsat imagery, which averages the
LST across 30 m2 taking account of all land surface covers, at two solar
park sites of diﬀerent shape, size and hosting ecosystem types. Furthermore, the cool island eﬀect was discernible in limited ﬁeld data collected

4. Discussion
Growing land use pressures and environmental degradation across
the world ampliﬁes the need to make strategic land use decisions
[50,51]. However, to inform well-sited renewable energy infrastructure,
we need to better understand the environmental consequences and in6
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Fig. 4. LST impacts at Stateline. (A) Landsat image of Stateline
Solar Park with PV array outlines and transects depicted in blue
and red respectively. There is no transect to the east given the
presence of a dry lake bed. (B) Temperature deviations from the
control area mean along direction transects before (July, average
LST 41.4 °C) and after solar park construction (August; average
LST 41.8 °C; diﬀerent months selected to ensure similar LST). Figure includes image from GoogleGB : Landsat/Copernicus.

at one of the sites, despite the small measurement resolution (95 cm2 )
and known spatial variability in LST. These ﬁndings add new insight
to the impacts of solar parks on temperature and also suggest that existing comparisons between surface temperatures within and outside
solar parks may underestimate the cooling eﬀect as the temperatures
measured outside the boundary were likely taken within the cool island zone. It also demonstrates the need to consider the impacts of solar
parks beyond their boundaries within planning applications and energy
policy.
The cooling observed is of a magnitude known to inﬂuence ecosystem processes, with implications for ecosystem services and natural capital, justifying its consideration in site location decisions and pertinent
policies. Temperature is a regulator of ecosystems and thus the cool island impact could negatively or positively impact important processes,
including productivity, decomposition, and ultimately the carbon balance of the landscape. For example, on the Tibetan Plateau soil temperature explained between 32% and 46% of the variation in methane

uptake and 55% of the variation in carbon dioxide emissions, with temperatures 1.1 – 1.5 °C cooler associated with a 10% reduction in emissions [52]. Further, relatively small temperature changes could be critical if close to an ecosystem threshold. For example, slight reductions
in winter temperatures could prompt freezing conditions and thus the
inhibition of plant cell function [53]. In the longer-term, temperature
changes could alter vegetation community composition and habitats.
For example, in the Mojave Desert, seed bank survival of winter annuals signiﬁcantly increased, associated with a lower amount of seeds
germinating and/or decaying, after two growing seasons of shade conditions emulating those caused by solar arrays [54]. Ultimately, this
may reduce the number of plants reaching later life-stages, including
reproductive maturity. Such instantaneous and longer-term impacts on
vegetation will likely perturb carbon cycling [13,20] with implications
for both land-based carbon uptake to mitigate climate change and the
carbon intensity, and therefore decarbonisation appeal, of the electricity produced [55]. Whilst climate change directs most research to better
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Fig. 5. Normalised ﬁeld LST data measured at Stateline for the
north-, south- and west-orientated transects. The normalised
LST are the LST measured on the transect minus the base station LST (to remove the eﬀect of LST change with time), with
the normalised LST in the buﬀer nearest to the solar park adjusted to zero to enable comparison between transects. The
ﬁeld data were averaged over 100 m (the solar park fence
line = 0) and displayed at the mid-point. Error bars represent
the standard error. The south transect was shorter due to access constraints.

Fig. 6. Development of the solar park cool island circulation cell during the daytime. The surface air within
the solar park is cooler as a proportion of the incoming
solar energy is removed as electricity, reﬂected by the
arrays and re-emitted from the arrays. Consequently,
the cooler, and thereby denser, air inside the solar park
moves laterally as the warmer less dense air outside
the solar park convects upwards, then advects above
the solar park forming a "hot centre". See SI for energy
balance.

resolve the ecosystem impacts of temperature increases, improved understanding of the implications of temperature reductions is required.
Moreover, any ecosystem eﬀects caused by the change in temperature
should be contextualised with other aspects of ecosystem disturbance
[15,21,56].
Previously, reduced surface temperatures within solar parks have
been attributed to the PV arrays altering radiative ﬂux balances (both
incoming and out-going), removal of energy as electricity and impacts of
vegetation removal (if undertaken) on latent heat ﬂuxes [26], but these
mechanisms do not fully explain cooling beyond the solar park boundary. We have identiﬁed two potential mechanisms that could explain it,
although further veriﬁcation is necessary to resolve the cause.
Firstly, it may be caused by the development of small-scale surface
circulation cells, as found for lakes [57] (Fig. 6), driven by diﬀerences in
the energy balance within and outside the solar park. Predominantly the
diﬀerences in the energy balance are caused by the reduction in shortwave radiation received by the surface, although improved understanding of the perturbations to longwave, sensible and latent heat ﬂuxes is
required (see SI). The higher land surface solar radiation receipts in the
area outside the solar park heats the near surface air, reducing its density
and causing it to rise resulting in low pressure at the land surface (Fig. 6).

In contrast, the near surface air (i.e. the air at the ground surface, not
above the solar park) in the solar park is cooler, given the conversion
of solar radiation to electricity and reduction in solar radiation receipts
due to shading by the PV arrays [13,27,29,30], and therefore denser
causing a high pressure at the land surface (Fig. 6). Consequently, the
cooler higher pressure near surface air from within the solar park ﬂows
horizontally to the lower pressure areas adjacent to the solar park cooling the land surface, with the cooling eﬀect reducing with distance from
the solar park (Fig. 6). The risen warmer air advects over the solar park
forming a ‘hot centre’ above the land surface cool island completing the
circulation cell.
Alternatively, air mixing could cause the temperature gradient. As
before, the panels result in lower shortwave radiation receipts at the
land surface due to interception and removal of energy as electricity.
The near surface air under the panels then mixes with warmer air with
distance from the solar park, causing the LST warming with distance
from the solar park as observed. Conversely, the air above the panels
could cool with distance away from the solar park. This could be caused
by higher surface ﬂuxes from the solar panels, due to their lower reﬂectivity and latent heat ﬂux, causing warmer air above the panels which
mixes with cooler air with distance from the solar park.
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The cooling eﬀect was evident in diﬀerent directions around the solar parks, albeit to diﬀerent strengths, supporting both the circulation
cell and air mixing hypotheses, rather than an eﬀect of natural wind
ﬂow where cooling would likely be observed only along the axis of the
predominant wind direction (Figs. 2& 3). The mechanisms are further
supported by observations of increased air temperatures above solar
parks within other studies, including ﬁeld measurements and modelling
at Longyangxia [27,35] and ﬁeld measurements at a solar park in North
America (location and capacity not disclosed) that indicated that the air
temperature heat island extended up to 300 m away - the same order of
magnitude as our ﬁndings [35]. However, to fully understand the processes further veriﬁcation, using ﬁeld instrumentation and or modelling
approaches is required.
Although our ﬁndings have identiﬁed solar park cool islands for the
ﬁrst time, improved understanding is required given the increasing landtake for solar parks and the implications for ecosystem function. Quantiﬁcation of the diurnal variation in temperature change is pivotal to
resolving ecosystem response, however, this necessitates new satellite
products (the spatial resolution of existing night time products is too
coarse), alternative remote sensing methods, such as drone measurements, or an intensive network of ﬁeld sensors that capture the ﬁne scale
variation in surface temperatures. Moreover, the impact of surface characteristics (e.g. vegetation cover, surface characteristics, and topography) needs to be better understood; our Landsat analysis averaged across
30 m2 with a mix of bare ground and vegetation but our ﬁeld measurements excluded vegetation. In addition, assessment of wind ﬂow and
air temperatures would provide greater insight and veriﬁcation data for
modelling studies.
Better understanding of solar park LST cool islands could be used
to inform site location, solar park design, and surrounding land management decisions for optimal energy and ecosystem outcomes. Site
location may inﬂuence the development of solar park cool islands in
response to meteorological conditions and land surface characteristics.
Locations with higher solar radiation receipts and surface thermal capacities and higher albedos likely to experience greater cool island effects as these conditions will promote greater temperature diﬀerences
between LSTs inside and outside the solar park. Cool islands and their
‘hot centres’ caused by other land surface features such as water bodies, green parks and cities, tend to be stronger when solar radiation is
greater and vary seasonally and diurnally [38,57]. Both Longyangxia
and Stateline experience strong seasonal trends in temperature [43],
and at Longyangxia, the strength of the cool island broadly correlated
with LST (see SI). However, at Stateline, the trend was obscured by the
decrease in LST with distance from the solar park prior to construction (see SI). Moreover, the ﬁeld data evidence an impact under clear
sky conditions, when solar radiation receipts were greater, but not under cloudy skies further supporting that solar radiation intensity is an
important control (Fig. 5). In addition to variation in solar radiation
receipts, local wind ﬂow conditions may inﬂuence the development of
the circulation cell or air mixing, potentially eliminating any eﬀects or
varying the extent of the cool island in diﬀerent directions. In addition to the regulation by meteorological conditions, the properties of
the land surface, in particular the albedo and the thermal capacity, may
impact the occurrence and magnitude of solar park cool islands. Such
impacts may be permanent characteristics of the land surface, with signiﬁcant diﬀerences between typical surrounding land types such as bare
gravel, temperate grassland, pristine desert, agricultural, and the built
environment. Alternatively, there may be temporal variations caused by
dynamic factors such as rainfall, crop growth, and ﬂooding. Regardless
of the cause, lower albedos and higher thermal capacities will likely
enhance the cool island eﬀect given the greater absorbence of solar radiation. Given the inﬂuence of surface conditions on thermal dynamics,
complex surrounding land use or land uses that cause variation in solar
radiation reﬂection and thermal capacity (i.e. irrigation) may subsume
any LST cool island impacts.

In addition to choosing solar park location, there is potential to inﬂuence the cool island eﬀect by changing the solar park design, with
implications for both electricity supply, LULCC and ecosystem processes
in the surrounding land area. Speciﬁcally, the size, layout, and PV panel
height, orientation and tilt could be varied to either increase or decrease
LST solar park cool island strength and extent; desert city geometry has
been shown to impact the magnitude of the cool island eﬀect [37]. However, as solar parks are commonly designed to maximise the number of
panels in a given land area whilst minimising the eﬀects of shading on
electricity production, their typical design is likely to maximise the cool
island eﬀect. However, PV panel height varies between solar parks dependant on underlying land use and installation method and has no impact on PV panel packing density. Although the height of the panel will
not reduce total land surface radiation receipts, air ﬂow would be impacted with greater wind ﬂow associated with higher installations and
thus potentially reductions in the cool island. Technological changes
(e.g. PV panel eﬃciencies) that increase the capacity factor (i.e. proportion of solar radiation converted into electricity) and the power density
(amount of power produced per unit land area) are also likely to increase the cool island eﬀect as they will be associated with greater LST
diﬀerences inside compared to outside the solar park. Moreover, technology options (i.e. concentrating solar power, ﬁxed PV, tracking PV,
and east-west orientated arrays) may alter the magnitude of the cool
island impact as they vary the eﬃciency of solar radiation capture and
conversion into electricity and may have diﬀerent thermal capacities.
5. Conclusion
Land take for solar parks is increasing across the world and is projected to continue. Despite this, understanding of their ecosystem impacts, including carbon sequestration and thus feedbacks to electricity carbon intensity, remains poorly resolved compared to the understanding for wind energy and other land use and land cover changes.
In this study, we provide the ﬁrst evidence of solar parks inducing a
surface cool island eﬀect beyond the solar park boundary, establishing
that the ecosystem surrounding the solar park will also be aﬀected by
the LULCC. Speciﬁcally, using Landsat-derived land surface temperature
data we found a cooling eﬀect that extended 730 m away with the nearest 100 m buﬀer up to 2.3 °C cooler. Moreover, the impact was evident
in the ﬁeld, despite smaller measurement areas. The cool island impact
is attributable to the development of small-scale circulation cells, similar
to those that develop around desert cities and water bodies.
Given the projected deployment of photovoltaics, increasing land use
pressures, and growing recognition of the importance of our ecosystems,
there is a critical need for better understanding of the temperature impacts of solar parks and associated cascading impacts on ecosystem function. This knowledge will inform energy and land use policies and enable better design, location, and surrounding land management use decisions. Understanding needs to be developed for solar parks of diﬀerent
sizes and in the full range of climatic zones and ecosystem types within
which they are deployed, underpinned by remote sensing image analysis and more extensive ﬁeld temperature and wind ﬂow data collection.
Moreover, night time impacts need to be quantiﬁed, requiring higher
temporal and spatial resolution remote sensing imagery than is currently routinely available. Whilst solar parks provide critically needed
low carbon electricity across the world, understanding the broader environmental impacts would enable increased ecosystem co-beneﬁts and
limit detrimental impacts from future developments.
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