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Environmental impacts of increasing numbers of 
artificial space objects
Kevin J Gaston1*, Karen Anderson1, Jamie D Shutler2, Robert JW Brewin2, and Xiaoyu Yan1

For much of their existence, the environmental benefits of artificial satellites, particularly through provision of remotely sensed 
data, seem likely to have greatly exceeded their environmental costs. With dramatic current and projected growth in the number 
of Earth-observation and other satellites in low Earth orbit, this trade-off now needs to be considered more carefully. Here we 
highlight the range of environmental impacts of satellite technology, taking a life-cycle approach to evaluate impacts from manu-
facture, through launch, to burn-up during de-orbiting. These include the use of renewable and nonrenewable resources (includ-
ing those associated with the transmission, long-term storage, and distribution of data), atmospheric consequences of rocket 
launches and satellite de-orbiting, and impacts of a changing nighttime sky on humans and other organisms. Initial estimations 
of the scale of some impacts are sufficient to underscore the need for more detailed investigations and to identify potential means 
by which impacts can be reduced and mitigated.
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Human activities in space are growing rapidly. Since the 
start of the space age in 1957, with launch of the first sat-

ellite into orbit (Sputnik), there have been ~6370 rocket 
launches and ~15,070 satellites placed into Earth orbit, of 
which ~9790 remain in space and ~7200 are still functioning 
(Figure  1; WebFigure  1) (https://sdup.esoc.esa.int/disco​sweb/
stati​stics). While there is debate about the likely size of future 
growth, predictions suggest that an additional 20,000 launches 
will occur in this decade alone (Miraux 2021), with between 
60,000 and 100,000 satellites in low Earth orbit (normally 
<2000 km altitude) in the decades (and potentially soon) 
thereafter (Venkatesan et al.  2020; Miraux  2021; Walker and 
Benvenuti 2022). Much of this expansion is driven by ongoing, 
planned, and predicted creation of privately owned satellite 

mega-constellations. For the most part, these provide internet 
services, and although they can service off-grid communities, 
they have been marketed as replacements to cable-based inter-
net for global communities (eg the “Starlink”, “SatNat”, and 
“Project Kuiper” constellations). In parallel, scientific exploita-
tion of constellations for Earth observation (EO) has also 
increased in recent years, and with a growing private-sector 
focus. For example, companies such as Digital Globe and 
Planet Labs have launched ~300 satellite platforms carrying 
optical and infrared sensors into low Earth orbit since 2013 
(Butler 2014; Hand 2015), and ICEYE operates a constellation 
of ~14 microsatellites for radar monitoring (www.iceye.com). 
In the public sector, the European Space Agency’s (ESA’s) 
Copernicus Sentinels comprise a constellation of several 
medium to large satellites to monitor the dynamic Earth sys-
tem (Berger et al. 2012). Prior to these missions, few satellite 
constellations existed and those that did were operated by 
international agencies for global positioning systems (GPS) (eg 
the US-operated GPS and EU-operated Galileo constellations), 
weather monitoring (eg Meteosat, GOES, and Fengyun con-
stellations) or Earth-system science (eg the A-Train constella-
tion; Berry et al. 2019).

This rapid expansion of human activity in space, hailed as 
signaling the dawn of a more democratized space age 
(Butler 2014), raises multiple concerns. These include: negative 
impacts on amateur and professional astronomical (optical 
and radio) observations, accumulation of space debris (and 
associated increased threats to other satellites, spacecraft, and 
astronauts), collision avoidance with existing debris and other 
satellites, increased risk of Earth collisions from debris that 
survives atmospheric re-entry, issues of how occupation of 
space is regulated (WebPanel 1), and how space activities 
impinge on human rights (Le May et al.  2018; Hainaut and 
Williams 2020; Rossi et al. 2020; Venkatesan et al. 2020; Walker 
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In a nutshell:
•	 The number of artificial objects in space is growing rap-

idly, driven primarily by an increasing quantity of satellites 
in low Earth orbit

•	 Satellite technology can have a range of environmental 
impacts on Earth, including its use of resources, effects of 
rocket launches and satellite de-orbiting on the atmosphere, 
and biological impacts of a changing nighttime sky

•	 Improved understanding and quantification of these im-
pacts is crucial for evaluating the cost–benefit environ-
mental trade-offs of space-based technology and for 
identifying ways to mitigate negative impacts
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et al. 2020; Boley and Byers 2021; Miraux 2021; Sokol 2021). It 
is also urgent that the emerging geopolitics of this new age of 
space exploitation be considered critically (MacDonald 2007). 
The potential for some individual impacts on Earth’s environ-
ment has been highlighted previously (Dallas et al. 2020; Boley 
and Byers 2021; Sutherland et al. 2021), along with their collec-
tive influence (Miraux  2021) and the resulting need for 
evidence-based oversight (Shutler et al. 2022). However, atten-
tion from ecologists and environmental scientists has been 
extremely limited, with links between space activities and 
environmental impacts on Earth not widely evaluated or 
appreciated. Although typically not of similar orders of magni-
tude to those arising from, for example, land-use change, cli-
mate change driven by increased lower atmospheric carbon 
dioxide (CO2) levels, and overexploitation of biological 
resources, there are indications that in some cases the impacts 
of increasing human activity in space are, or have the potential 
to become, both nontrivial and far-reaching.

In this article, we identify major environmental impacts 
from satellite technology. To facilitate consideration of the 

range of these impacts, we have structured the text based on a 
life-cycle perspective, from initial creation of a satellite to its 
end of life (Figure 2). We also highlight the need to consider 
carefully the challenging issue of trade-offs between the costs 
and benefits of satellite technology for humanity and the envi-
ronment. Much previous attention to the “sustainable use” of 
space has largely focused on the rather different issues of how 
satellites are kept operational (without damage from debris) 
and what the capacity of low Earth orbit is likely to be for satel-
lites (eg Palmroth et al. 2021).

Resource use

The building of satellites, launch vehicles, and supporting 
ground installations is, relative to overall raw material use 
by humanity, not immensely resource demanding. The 
commercially sensitive nature of satellite and launch vehicle 
specifications means, however, that materials and manu-
facturing techniques involved are not publicly documented, 
making resource use difficult to monitor and quantify; the 
raw materials used in building satellites will vary with the 
payload included and its orbit (which collectively define 
the satellite power supply system type and size, as well 
as the structure, propulsion system, and size of the launch 
vehicle). Nevertheless, most satellites are constructed of 
aluminum or titanium alloys, or stainless steel, with alu-
minum preferred and typically constituting up to ~40% 
of a satellite’s mass (Schulz and Glassmeier  2021). When 
mined and refined, aluminum generates a range of negative 
environmental impacts (Farjana et al. 2019a) and is among 
the most carbon intensive metals, with a carbon footprint 
of 12.5 kg CO2 equivalent (eq) per kilogram (Farjana 
et al.  2019b). Furthermore, manufacturing of satellites and 
sensors also relies on scarce or rare elements (eg gold, 
titanium, lithium, gallium), some of which are in increas-
ingly short supply and/or can have major environmental 
impacts associated with their mining, processing, and recy-
cling. For instance, the collection of lithium used in the 
manufacturing of batteries has negative environmental and 
social impacts on ecosystems and communities in the 
remote Andean Highlands, where lithium salts occur nat-
urally in high concentrations and use of brine-based extrac-
tion methods is increasing (Flexer et al.  2018). Certain 
chemicals that can be used in satellite components are 
also toxic in the natural environment (eg cadmium tellu-
ride in solar panels) (Maani et al.  2020). These materials 
are, in the context of their use in satellites, currently 
impossible to retrieve and recycle owing to fragmentation, 
dispersal, and subsequent distribution in the atmosphere 
following de-orbiting and burn-up. However, the overall 
mass of these rare or scarce elements and compounds 
within most satellites is relatively small (eg <5% of total 
satellite mass; Schulz and Glassmeier 2021), and even given 
the large constellations in existence or planned, the total 

Figure 1. Categories of satellites according to weight with examples of 
satellites that fall into these categories, and equivalent examples from the 
animal kingdom. Note that very small categories (femo [<0.1 kg] and pico 
[0.1–1 kg]) are not shown. Image credit for International Space Station 
(ISS): NASA/Wikimedia Commons.
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mass of these materials in orbit will likely 
remain markedly smaller than within mobile 
phone, renewable energy, car and aerospace 
industries.

Launch vehicles require substantially larger 
quantities of raw materials to manufacture 
than do satellites, with the booster stages usu-
ally being deliberately dropped into the ocean 
and not recovered. This not only wastes valua-
ble materials but also poses risks to marine life, 
principally through impacts of debris and con-
taminants (Lonsdale and Phillips  2021). 
Reusable vehicles that allow recovery and reuse 
of some or all of the component stages have 
emerged in recent years, an example being the 
retrieval of SpaceX Falcon rockets via barges 
deployed in the open ocean. However, this 
reusability is often driven by economics and 
might not always be environmentally friendly, 
depending largely on the quantities of addi-
tional rocket fuel consumed to maneuver the 
vehicle components to designated locations 
and the fuel consumed by marine vessels to 
recover them (Fridell 2019). Alternative satel-
lite and launch vehicle designs need to be fully 
assessed in advance of launch, using a cost–
benefit analysis that has both economics and 
the environment at its core.

Launches

The majority of space activity currently relies 
on vertical ground-launched rockets, although some organ-
izations have begun to use horizontal launch aircraft, which 
air-launch a second stage rocket to reach space. Rocket 
launches inject a host of pollutants directly into all layers 
of the atmosphere, from ground level to the exosphere at 
1000 km altitude and beyond, crucially impacting the atmos-
phere above the tropopause, where combustion products 
can reside for years after emission (Ross and Sheaffer 2014). 
These pollutants include black carbon, aluminum, CO2, 
reactive gases, and unburned fuel, with the mix of pollut-
ants governed by rocket engine design, fuel type, and burn 
profile (Dallas et al.  2020). Although historically appearing 
in low concentrations due to the relatively small number 
of launches, it has been highlighted recently that the col-
lective impact of these contaminants on the environment 
should now be considered (Miraux  2021), particularly in 
light of the large increase in launch rates (Shutler et al. 2022). 
This is because the pollutants can have negative climate 
impacts in the troposphere (Ross et al. 2010); destroy ozone 
in the stratosphere (Dallas et al.  2020); and could promote 
contraction of the upper atmosphere, impacting satellite 
orbits (Shutler et al.  2022), which, along with lack of a 

full understanding of the impacts of rocket emissions 
(WMO  2018), collectively pose risk to the global atmos-
phere and environment. The changing nature of launch 
approaches and advancements means that the distribution 
of contaminants can vary spatially across all layers of the 
global atmosphere (Lonsdale and Phillips  2021; Shutler 
et al.  2022). The successful development of kinetic launch 
systems (eg SpinLaunch) for the first stage of launch, with 
test projectiles so far reaching altitudes of ~100 km, would 
reduce emissions in the troposphere and stratosphere but 
would not eliminate rocket emissions in higher altitude 
atmospheric layers. There is a distinct lack of detailed data 
on rocket emissions and their volumetric distribution 
throughout the atmosphere, which prevents parameterization 
of global atmospheric chemistry and circulation models to 
query the impact of these activities over different timescales 
(Ross and Sheaffer  2014). A first step in creating such an 
emissions dataset could be determined using known launches 
and published burn profiles (Shutler et al.  2022), but the 
commercially sensitive nature of rocket design and perfor-
mance, which limits sharing of launch and in situ data, 
would need to be overcome (Shutler et al.  2022).

Figure 2. Synthesis figure showing the life-cycle steps and where different environmental 
impacts occur. Images represent: (a) mining for resources, (b) use of rare earth elements, (c) 
satellite manufacture processes, (d) satellite calibration facilities, (e) satellite horizontal 
launch, (f) satellite vertical launch, (g) atmospheric launch pollution, (h) ground segment activ-
ities, (i) satellite validation campaigns, (j) night sky brightness impact on astronomy, (k) night 
sky brightness impact on ecology, (l) increasing space debris, and (m) increasing collisions of 
space objects. Unless otherwise indicated, all images are from Pixabay. Image credits: (a) 
652234, (b) Brett_Hondow, (c) trapezemike, (d) ThisIsEngineering [from Pexels], (e) 5216583, 
(f) WikiImages, (g) WikiImages, (h) WikiImages, (i) TheOtherKev, (j) astrometeo, (k) mohamed_
hassan, (l) WikiImages, (m) WikiImages, and (globe at bottom right) qimono.
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Operational lifetime

Nighttime sky

Environmental concerns regarding satellites during their 
operational lifetimes have focused foremost on their impacts 
on human views of the nighttime sky. Low Earth orbit 
satellites (which commonly have flat polished components) 
act as point sources of reflected sunlight at night when 
above the horizon and remain illuminated because of their 
altitude; the number of detectable satellites declines when 
the sun is further below the horizon, and is thus a function 
of time of year and of night (Walker and Benvenuti  2022). 
At intermediate latitudes, hundreds of satellites may soon 
be clearly visible to the naked human eye at dark sites 
(McDowell  2020). There may be two important impacts. 
First, this may have potential to confuse organisms that 
use patterns of celestial objects for orientation and migra-
tion (Sutherland et al.  2021). There is evidence that stellar 
orientation is used by species of insects, night-migrating 
birds, and mammals, including strategies based on the center 
of celestial rotation, the Milky Way, or a lodestar (Foster 
et al.  2018). What influence large numbers of low Earth 
orbit satellites might have on these abilities is unclear. 
Rather than their brightness (which is typically exceeded 
by many stars), the rapid movement of satellites across the 
night sky is likely to be a key factor, with many vision 
systems adapted to tracking moving objects such that back-
ground stars may in effect become less visible. Second, 
there are concerns as to what implications a night sky in 
which increasingly the eye is drawn to human-made objects 
might have for people’s linkages to the natural world. A 
repeated argument for access to night skies unpolluted by 
ground-based sources of artificial light emissions has been 
that this is important for people’s sense of place, as well 
as connection to important cultural roots (Hamacher 
et al.  2019). Presumably this should extend to changes in 
views of the night sky caused by large numbers of satellites. 
Notably, native cultures have long histories of cultural 
engagement with the sky at night. Ethnographic studies 
have shown that patterns in the night sky have influenced 
art, navigation, architecture, agricultural practices, and sto-
rytelling (Munroe and Williamson  1987; Harris et al.  2013; 
Orchiston  2016). Increased pollution of the night sky for 
the purpose of providing enhanced internet connectivity 
to marginalized groups (eg “off grid” first-generation people) 
has the potential further to sever these groups from their 
cultural origins, and could be considered a vicarious example 
of colonization and erosion of native rights.

Growth in numbers of satellites may also have implica-
tions for the overall levels of diffuse brightness of nighttime 
skies. Indeed, this has been estimated already to be as much as 
10% above natural levels as a consequence of satellites and 
space debris (Kocifaj et al.  2021); terrestrial infrastructure 
will contribute further to this increased brightness, although 

whether this can be differentiated from other ground-based 
sources seems doubtful. Artificial skyglow (artificial sky 
brightness) – which is estimated, probably conservatively, to 
extend over 23% of terrestrial land area (Falchi et al. 2016) as 
a consequence of Earth-bound sources – is likely to have a 
wide range of biological impacts. This includes through 
obscuring views of celestial cues for orientation and naviga-
tion (Torres et al.  2020; Foster et al.  2021), providing false 
cues about time of day and season (Gaston et al. 2017), and 
changing the background illumination against which 
predator–prey and other interspecific interactions play out 
(Gaston et al. 2021). Many biological processes are, however, 
sensitive to low levels of nighttime lighting (Sanders 
et al. 2021), including levels below those of skyglow (which, 
under some circumstances, can be as intense as a full moon), 
and therefore impacts of skyglow may be far reaching. These 
impacts could be mitigated. For example, the reflectance of 
sunlight by satellites can be reduced by altering satellite size, 
reducing albedo, and modifying orientation or orbit. Although 
some options have been trialed (Sokol  2021), solutions 
remain far from operational.

Ground-based infrastructure

Every satellite in orbit is invisibly tethered to Earth during 
its operational lifetime via terrestrial infrastructure. From 
launch to burn-up, satellite movement and processes are 
monitored through a network of facilities, including man-
ufacturing and launch operations, mission control, and 
ground segment services. The embedded environmental 
costs of this infrastructure are probably rather high (eg 
manufacturing of computer hardware, construction mate-
rials), and day-to-day operations could have a large envi-
ronmental footprint, although quantification of this 
requires deeper synthesis. Recognizing that there is a 
differentiation in the ground operations required for the 
wide variety of satellite activities (eg satellite internet 
services will have a distributed footprint of small receiving 
stations, whereas EO constellations tend toward larger, 
more centralized operations), we focus here on EO as 
an exemplar to highlight infrastructural concerns. Figure 3 
and WebFigure  2 illustrate the infrastructure needed to 
support a generalized EO mission (simplified following 
Just et al.  [2014]), demonstrating the extent and com-
plexity of ground operations. Typical EO missions require 
at least a global infrastructure of ground stations to send 
and receive data, a mission control center, and a further 
ground segment support system, within which there is 
computer hardware for data archiving, processing, and 
distribution. EO missions also require data captured via 
in situ infrastructure for calibration and validation of 
data and products over land, in the atmosphere, or in 
the ocean (WebFigure  2c). Although such calibration and 
validation data are critical for monitoring sensor 

 15409309, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2624 by T

est, W
iley O

nline L
ibrary on [18/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Front Ecol Environ doi:10.1002/fee.2624

Environmental impacts of artificial objects in space REVIEWS    5

performance and ensuring the quality and longevity of 
data, the environmental impacts of these activities can 
be high in remote regions (eg oceans, polar regions) 
(Crossin et al.  2020).

Within the satellite EO sector, we also draw attention to 
recent growth in cloud-driven geospatial analyses. Google 
has amassed collections of satellite image data captured by 
the major publicly funded space agencies so that users can 
process data on the cloud (WebFigure  2e) using the web-
based coding platform Google Earth Engine (Gorelick 
et al. 2017). This has revolutionized the way satellite imaging 
archives can be analyzed because it removes the need for 
users to run computationally expensive downloading and 
processing on local machines, thereby speeding up informa-
tion extraction. There is clearly a huge community of users 
of this service globally; according to Google Scholar metrics 
and as of August 2022, more than 5500 scientists have cited 
the key paper explaining this innovation (Gorelick 
et al.  2017). Google Earth Engine boasts a multi-petabyte 
archive of imagery, resulting in hundreds of metric tons of 
CO2 eq emissions annually just for storing these data (fol-
lowing the rubric shown in WebPanel 2), but given that 
thousands of users are processing these data and storing 
resultant products, the actual total emissions will be much 
greater. These archives can be replicated across different pro-
viders – for example, Google catalogues data from both the 
National Aeronautics and Space Administration (NASA; eg 
Landsat satellites) and the ESA and EU (eg Copernicus 
Sentinel constellation). Space agencies will typically avoid 
keeping all data online to save storage and energy costs, 
whereas the Google Earth Engine approach requires most 
data to remain accessible and online within a 

cloud-accessible data center. Such global data centers cur-
rently consume around 200 terawatt hours of electricity, 
accounting for ~1% of global electricity use (Jones  2018; 
Masanet et al.  2020). As hyperscale models evolve, energy 
efficiency is improving, which has led to reductions in 
energy use per gigabyte unit of processing by around 20% 
annually since 2010 (Masanet et al.  2020) – but whether 
energy efficiency is improving at a rate that exceeds EO data 
growth, potential storage duplication, and analysis is uncer-
tain. A less well-documented environmental impact of data 
centers is water consumption for cooling purposes 
(Mytton 2021). Although it is currently impossible to disag-
gregate EO data centers from the totality of cloud services, 
evidence points to a wide range of impacts: for example, data 
centers with 15 megawatts of computing capacity consume 
between 80–130 million gallons of water annually (Shehabi 
et al. 2016), and a medium-sized data center uses more water 
each year than three hospitals or two 18-hole golf courses 
(Mytton  2021). The environmental and social impacts are 
exacerbated when data centers are situated in water-scarce 
regions, such as California. Environmental scientists using 
satellite data from such data centers and/or processing data 
on the cloud should engage critically with these impacts of 
their research, yet this issue has not received detailed consid-
eration within the environmental science literature or within 
ethical assessments of research praxes.

Decommissioning and end of life

Increasing numbers of satellites will be intentionally deor-
bited at the end of their operational lives to promote 
destruction during uncontrolled re-entry, as physical 

Figure 3. Key aspects of ground-based infrastructure used to support satellite Earth-observation missions. Graphics (clipart) from Microsoft PowerPoint.
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collection or removal is not economic (and indeed currently 
impossible after retirement of the US Space Shuttle program 
in 2011). Moving large debris to higher graveyard orbits 
further away from Earth’s atmosphere, where they will 
remain for hundreds of years, is a current practice, but 
this too – we argue – is unsustainable, as doing so will 
ultimately lead to further debris congestion and pollution 
of space.

Alongside unintentional deorbiting, given the large num-
bers of – and the relatively short operational lives of many – 
satellites, intentional deorbiting introduces quantities of 
material into the upper atmosphere, the majority of which is 
likely to be aluminum (Schulz and Glassmeier  2021). 
Concerns have been expressed that this has the potential to 
damage the ozone layer and, depending on atmospheric resi-
dence times, may increase Earth’s albedo and reduce warm-
ing (Boley and Byers 2021). It could thus result in accidental 
geoengineering of the Earth’s climate (Lawrence et al. 2018). 
Due to the current inability to retrieve orbital objects once in 
space, the only possible mitigation for debris is to launch 
fewer, design satellites with longer operational lifetimes, and 
seek ways to extend the life of existing satellites, thereby 
reducing the quantity for eventual decommissioning and 
removal.

Trade-offs

To this point we have focused on the negative environ-
mental impacts of satellites. However, these impacts must 
be viewed in the context of communication, navigation, 
surveillance, environmental monitoring, and other benefits 
that satellite technology provides. These are challenging 
trade-offs to understand, with considerations that extend 
far beyond those of science. For example, it is tempting 
to assume that the comparatively finer spatial and temporal 
resolution of data provided by constellations of satellites 
in low Earth orbits is crucial for more accurate environ-
mental monitoring, yet remote-sensing work performed in 
the 1980s shows that this is not necessarily the case 
(Woodcock and Strahler  1987). One consideration is the 
size of objects in the scene relative to the spatial resolu-
tion, which results in image classification accuracy varying 
with two opposing factors. The first is that mixed pixels 
become more common as spatial resolution coarsens, and 
therefore finer spatial resolution data can deliver improved 
classification accuracy. The flip side of this is that increas-
ing spatial resolution delivers elevated spectral complexity 
per class, reducing not only the spectral separability of 
classes but also classification accuracy (Markham and 
Townshend  1981). Consequently, the net result of finer 
resolution data is not always improved product quality, 
because the “winner” of these opposing factors will vary 
depending on the spatial and spectral structures of the 
environment being studied. The balance between spatial 
resolution and temporal resolution is crucial for optimizing 

the design of satellite constellations. Satellite sensors with 
a wider swath typically have coarser spatial resolution, 
meaning a larger area can be surveyed during an overpass 
than with a sensor with finer spatial resolution in the 
same orbit. Therefore, optimizing these variables can reduce 
both revisit times and the number of satellites needed for 
a particular task. Publicly funded space agencies fully eval-
uate these trade-offs to focus spending of public funds on 
systems that deliver data to service the greatest number 
of scientific goals through managing compromises in res-
olution, swath, and orbital paths. It is not clear whether 
the same process is followed by commercial space com-
panies, whose goals may differ (eg capturing time-sensitive 
images for commercial sale); commercial competition may 
also lead to a proliferation of platforms. We suggest that 
it is time for a critical appraisal of the information needs 
of environmental science across public and private organ-
izations, as the environmental costs of remote-sensing data 
acquisition, storage, and distribution grow.

The provision of internet services from space poses ques-
tions about other trade-offs. The major issue is whether space-
based internet services offer reduced environmental impacts 
compared to terrestrial alternatives, such as cabled connectivity 
and mobile networks. There is an urgent need for studies that 
quantify and compare the life-cycle impacts of mega-
constellations of small satellites and the associated terrestrial 
infrastructure with those of functionally equivalent cabled and 
mobile networks.

Conclusions

Given the acceleration in space-based activities, and par-
ticularly ongoing and predicted growth in the number of 
satellites in low Earth orbit, the impacts of artificial space 
objects on Earth systems need to be considered carefully. 
There are substantial challenges in understanding the full 
breadth of these impacts, in determining their relative envi-
ronmental benefits and costs, and in identifying how best 
to mitigate the costs. Addressing these issues would be 
facilitated by a much more open approach from the satellite 
industry and user community to assessment of environmental 
impacts, from initial conception through decommission 
(including any lifetime extensions), and to provide evidence 
of environmental net gain prior to launch.

Acknowledgements

We are grateful to S Morrell and MJ Sharp for discussion 
and comments. RJWB is supported by a UKRI (UK Research 
and Innovation) Future Leader Fellowship (MR/V022​792/1).

Data Availability Statement

No data were collected for this study.

 15409309, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2624 by T

est, W
iley O

nline L
ibrary on [18/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Front Ecol Environ doi:10.1002/fee.2624

Environmental impacts of artificial objects in space REVIEWS    7

References

Berger M, Moreno J, Johannessen JA, et al. 2012. ESA’s Sentinel mis-
sions in support of Earth system science. Remote Sens Environ 
120: 84–90.

Berry E, Mace GG, and Gettelman A. 2019. Using A-Train observa-
tions to evaluate cloud occurrence and radiative effects in the 
Community Atmosphere Model during the Southeast Asia sum-
mer monsoon. J Climate 32: 4145–65.

Boley AC and Byers M. 2021. Satellite mega-constellations create risks 
in low Earth orbit, the atmosphere and on Earth. Sci Rep-UK 11: 
10642.

Butler D. 2014. Many eyes on Earth. Nature 505: 143–44.
Crossin E, Verghese K, Lockrey S, et al. 2020. The environmental 

impacts of operating an Antarctic research station. J Ind Ecol 24: 
791–803.

Dallas J, Raval S, Gaitan JPA, et al. 2020. The environmental impact of 
emissions from space launches: a comprehensive review. J Clean 
Prod 255: 120209.

Falchi F, Cinzano P, Duriscoe D, et al. 2016. The new world atlas of 
artificial night sky brightness. Science Advances 2: e1600377.

Farjana SH, Huda N, and Mahmud MAP. 2019a. Impacts of alumin-
ium production: a cradle to gate investigation using life-cycle 
assessment. Sci Total Environ 663: 958–70.

Farjana SH, Huda N, Mahmud MAP, and Saidur R. 2019b. A review 
on the impact of mining and mineral processing industries 
through life cycle assessment. J Clean Prod 231: 1200–17.

Flexer V, Baspineiro CF, and Galli CI. 2018. Lithium recovery from 
brines: a vital raw material for green energies with a potential 
environmental impact in its mining and processing. Sci Total 
Environ 639: 1188–204.

Foster JJ, Smolka J, Nilsson D-E, et al. 2018. How animals follow the 
stars. P Roy Soc B-Biol Sci 285: 20172322.

Foster JJ, Tocco C, Smolka J, et al. 2021. Light pollution forces a 
change in dung beetle orientation behavior. Curr Biol 31: 
3935–42.

Fridell E. 2019. Emissions and fuel use in the shipping sector. In: 
Bergqvist R and Monios J (Eds). Green ports: inland and seaside 
sustainable transportation strategies. Amsterdam, the Netherlands: 
Elsevier.

Gaston KJ, Ackermann S, Bennie J, et al. 2021. Pervasiveness of bio-
logical impacts of artificial light at night. Integr Comp Biol 61: 
1098–110.

Gaston KJ, Davies TW, Nedelec SL, et al. 2017. Impacts of artificial 
light at night on biological timings. Annu Rev Ecol Evol S 48: 
49–68.

Gorelick N, Hancher M, Dixon M, et al. 2017. Google Earth Engine: 
planetary-scale geospatial analysis for everyone. Remote Sens 
Environ 202: 18–27.

Hainaut OR and Williams AP. 2020. Impact of satellite constellations 
on astronomical observations with ESO telescopes in the visible 
and infrared domains. Astron Astrophys 636: A121.

Hamacher DW, Barsa J, Passi S, et al. 2019. Indigenous use of stellar 
scintillation to predict weather and seasonal change. Proc Roy Soc 
Victoria 131: 24–33.

Hand E. 2015. Startup liftoff. Science 348: 172–77.
Harris P, Matamua R, Smith T, et al. 2013. A review of Maori astron-

omy in Aotearoa-New Zealand. J Astron Hist Heritage 16: 
325–36.

Jones N. 2018. How to stop data centres from gobbling up the world’s 
electricity. Nature 561: 163–66.

Just D, Gutiérrez R, Roveda F, et al. 2014. Meteosat third generation 
imager: simulation of the flexible combined imager instrument chain. 
Proceedings Volume 9241: Sensors, Systems, and Next-Generation 
Satellites XVIII; 22–25 Sep 2014; Amsterdam, the Netherlands. 
Bellingham, WA: Society of Photo-Optical Instrumentation Engineers.

Kocifaj M, Kundracik F, Barentine JC, et al. 2021. The proliferation of 
space objects is a rapidly increasing source of artificial night sky 
brightness. Mon Not Roy Astron Soc Lett 504: L40–44.

Lawrence MG, Schäfer S, Muri H, et al. 2018. Evaluating climate geo-
engineering proposals in the context of the Paris Agreement tem-
perature goals. Nat Commun 9: 3734.

Le May S, Gehly S, Carter BA, et al. 2018. Space debris collision prob-
ability analysis for proposed global broadband constellations. Acta 
Astronaut 151: 445–55.

Lonsdale J-A and Phillips C. 2021. Space launches and the UK marine 
environment. Mar Policy 129: 104479.

Maani T, Celik I, Heben MJ, et al. 2020. Environmental impacts of 
recycling crystalline silicon (c-SI) and cadmium telluride (CDTE) 
solar panels. Sci Total Environ 735: 138827.

MacDonald F. 2007. Anti-astropolitik outer space and the orbit of 
geography. Prog Hum Geog 31: 592–615.

Markham BL and Townshend JRG. 1981. Land cover classification 
accuracy as a function of sensor spatial resolution. Proceedings of 
the 15th International Symposium on Remote Sensing of 
Environment; 11–15 May 1981; Ann Arbor, MI. Tucson, AZ: 
International Center for Remote Sensing of Environment.

Masanet E, Shehabi A, Lei N, et al. 2020. Recalibrating global data 
center energy-use estimates. Science 367: 984–86.

McDowell JC. 2020. The low Earth orbit satellite population and impacts 
of the SpaceX Starlink constellation. Astrophys J Lett 892: L36.

Miraux L. 2021. Environmental limits to the space sector’s growth. Sci 
Total Environ 806: 150862.

Munroe JG and Williamson RA. 1987. They dance in the sky: Native 
American star myths. Boston, MA: Houghton Mifflin.

Mytton D. 2021. Data centre water consumption. npj Clean Water 4: 11.
Orchiston W. 2016. Exploring the history of New Zealand astronomy: 

trials, tribulations, telescopes and transits. Cham, Switzerland: 
Springer.

Palmroth M, Tapio J, Soucek A, et al. 2021. Toward sustainable use of 
space: economic, technological, and legal perspectives. Space 
Policy 57: 101428.

Ross M, Mills M, and Toohey D. 2010. Potential climate impact of 
black carbon emitted by rockets. Geophys Res Lett 37: L24810.

Ross MN and Sheaffer PM. 2014. Radiative forcing caused by rocket 
engine emissions. Earths Future 2: 177–96.

Rossi A, Petit A, and McKnight D. 2020. Short-term space safety analy-
sis of LEO constellations and clusters. Acta Astronaut 175: 476–83.

Sanders D, Frago E, Kehoe R, et al. 2021. A meta-analysis of biological 
impacts of artificial light at night. Nature Ecol Evol 5: 74–81.

 15409309, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2624 by T

est, W
iley O

nline L
ibrary on [18/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Front Ecol Environ doi:10.1002/fee.2624

KJ Gaston et al.8    REVIEWS

Schulz L and Glassmeier K-H. 2021. On the anthropogenic and natu-
ral injection of matter into Earth’s atmosphere. Adv Space Res 67: 
1002–25.

Shehabi A, Smith S, Sartor D, et al. 2016. United States data center energy 
usage report. Berkeley, CA: Lawrence Berkeley National Laboratory.

Shutler JD, Yan X, Cnossen I, et al. 2022. Atmospheric impacts of the 
space industry require oversight. Nat Geosci 15: 598–600.

Sokol J. 2021. The fault in our stars. Science 374: 142–47.
Sutherland WJ, Atkinson PW, Broad S, et al. 2021. A 2021 horizon 

scan of emerging global biological conservation issues. Trends 
Ecol Evol 36: 87–97.

Torres D, Tidau S, Jenkins S, et al. 2020. Artificial skyglow disrupts 
celestial migration at night. Curr Biol 30: R696–97.

Venkatesan A, Lowenthal J, Prem P, et al. 2020. The impact of satellite 
constellations on space as an ancestral global commons. Nature 
Astron 4: 1043–48.

Walker C and Benvenuti P (Eds). 2022. Dark and Quiet Skies II work-
ing group reports. https://doi.org/10.5281/zenodo.5874725. Viewed 
28 Sep 2022.

Walker C, Di Pippo S, Aubé M, et al. 2020. Dark and Quiet Skies for 
Science and Society: report and recommendations. https://doi.
org/10.5281/zenodo.5898785. Viewed 28 Sep 2022.

WMO (World Meteorological Organization). 2018. Scientific assess-
ment of ozone depletion. Geneva, Switzerland: WMO.

Woodcock CE and Strahler AH. 1987. The factor of scale in remote 
sensing. Rem Sens Environ 21: 311–32.

Supporting Information

Additional, web-only material may be found in the online 
version of this article at http://onlinelibrary.wiley.com/
doi/10.1002/fee.2624/suppinfo

This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.

 15409309, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2624 by T

est, W
iley O

nline L
ibrary on [18/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.5874725
https://doi.org/10.5281/zenodo.5898785
https://doi.org/10.5281/zenodo.5898785
http://onlinelibrary.wiley.com/doi/10.1002/fee.2624/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/fee.2624/suppinfo
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Environmental impacts of increasing numbers of artificial space objects
	Resource use
	Launches
	Operational lifetime
	Nighttime sky
	Ground-­based infrastructure
	Decommissioning and end of life
	Trade-­offs

	Conclusions
	Acknowledgements
	Data Availability Statement

	References


