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Abstract

Non-technical summary. Greenhouse gas emissions and land use change – from deforest-
ation, forest degradation, and agricultural intensification – are contributing to climate change
and biodiversity loss. Important land-based strategies such as planting trees or growing bioe-
nergy crops (with carbon capture and storage) are needed to achieve the goals of the Paris
Climate Agreement and to enhance biodiversity.

The integrated Land Ecosystems Atmospheric Processes Study (iLEAPS) is an inter-
national knowledge-exchange and capacity-building network, specializing in ecosystems and
their role in controlling the exchange of water, energy and chemical compounds between
the land surface and the atmosphere. We outline priority directions for land–atmosphere
interaction research and its contribution to the sustainable development agenda.
Technical summary. Greenhouse-gas emissions from human activities and land use change
(from deforestation, forest degradation, and agricultural intensification) are contributing to cli-
mate change and biodiversity loss. Afforestation, reforestation, or growing bioenergy crops (with
carbon capture and storage) are important land-based strategies to achieve the goals of the Paris
Climate Agreement and to enhance biodiversity. The effectiveness of these actions depends on
terrestrial ecosystems and their role in controlling or moderating the exchange of water, heat,
and chemical compounds between the land surface and the atmosphere.

The integrated Land Ecosystems Atmospheric Processes Study (iLEAPS), a global research net-
work of Future Earth, enables the international community to communicate and remain up to
date with developments and concepts about terrestrial ecosystems and their role in global
water, energy, and biogeochemical cycles. Covering critically important topics such as fire, forestry,
wetlands, methane emissions, urban areas, pollution, and climate change, the iLEAPS Global
Research Programme sits center stage for some of the most important environmental questions
facing humanity. In this paper, we outline the new challenges and opportunities for land–atmos-
phere interaction research and its role in supporting the broader sustainable development agenda.
Social Media Summary. Future directions for research into land–atmosphere interactions that
supports the sustainable development agenda
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1. Introduction

The integrated Land Ecosystems Atmospheric Processes Study
(iLEAPS) was formed in March 2004 to build an international
community of practice to investigate the interactions between ter-
restrial ecosystems and the atmosphere. Originally part of the
International Geosphere-Biosphere Programme, iLEAPS became
a global research network of Future Earth in 2014.

The first decade of iLEAPS had an emphasis on creating new
ways to observe and model the land–atmosphere continuum. Suni
et al. (2015) highlighted the iLEAPS contribution to the support
and development of networks of long-term flux stations and
large-scale land–atmosphere observation platforms. iLEAPS pro-
moted the integration of data from remote sensing, ground-based
observations, and other sources into data cubes (Mahecha et al.,
2020) and products (e.g. FLUXCOM (Jung et al., 2020)). The
understanding gained contributed to advances in land–surface
models that represent the role of land cover changes and land–
atmosphere feedback processes in the Earth system.

In this second decade, the focus has shifted to the human
influence on these ecosystem–atmosphere interactions and the
implications for resource use and sustainable development.
While the impact on the natural environment is still investigated
(He et al., 2021), socio-economic aspects are also needed to cover
mitigation and adaptation to climate change. The role of iLEAPS
is ever more important in bringing together scientists to advance
the knowledge of the complex Earth system and the people within
it. Here we outline the new challenges and opportunities that
motivate a new decadal iLEAPS roadmap for land–atmosphere
interaction research.

2. The environmental challenges

The growing human population, its increasing demand for natural
resources and the transformation and releases of materials, often
harmful, to air, water, and land, is outstripping the capacity of
the natural world to replenish or process them. Land cover changes
due to deforestation, forest degradation, and agricultural intensifi-
cation are major drivers of biodiversity loss (IPBES, 2019).

Climate change, caused by anthropogenic emissions of green-
house gases (GHGs) and other compounds that change the
Earth’s radiative balance, is one of the many human pressures
on the Earth system (IPCC, 2021). Higher global temperature
results in greater impacts on ecosystems (Figure 1) and more
extreme weather events, which are becoming more frequent and
their impacts more severe. Their nature and consequences vary
across the globe, with each region or country exposed to a differ-
ent combination of hazards and risks, and each with different
capacities to respond, mitigate or adapt.

iLEAPS provides information, understanding, and coordin-
ation of the science of this complex system. The iLEAPS focus
on how interacting physical, chemical, and biological processes
transport and transform energy and matter through the land–
atmosphere interface is critical in understanding the processes
and impacts of climate and other planetary changes.

3. The policy and scientific response

The Paris Agreement of the UN Framework Convention on
Climate Change (UNFCCC, 2015) signaled a change of focus
from reducing emissions of GHG and near-term climate forcers
to ‘holding the increase in global average temperature to well

below 2 °C and pursuing efforts to limit the increase to 1.5 °C’.
Meeting this goal requires immediate and sustained reductions
in emissions, combined with CO2 removal, in which land-based
measures – for example, ecosystem rehabilitation, afforestation
(in appropriate systems), bioenergy, the latter combined with car-
bon capture and storage – play a pivotal role (IPCC, 2018). To
inform the UNFCCC process, the Intergovernmental Panel on
Climate Change (IPCC) has produced a series of assessment
reports on climate change (e.g. IPCC (2021, 2022a, 2022b)) and
topical special reports (e.g. IPCC (2018, 2019a, 2019b)), which
highlight knowledge gaps and the need for improved information,
for example, about glaciers, fire, and methane sources.

The UN Agenda for Sustainable Development has developed
17 Sustainable Development Goals (SDGs), which recognize
that improving human life and reducing inequality must go
hand-in-hand with tackling climate change and working to pre-
serve oceans and forests. The UN Convention on Biological
Diversity, inspired by the growing commitment to sustainable
development, is another significant milestone. The complex and
multiple connections between climate and biodiversity have
been recognized in the international policy arena (Pörtner et al.,
2021). There is also increased interest in nature-based solutions,
defined by the International Union for Conservation of Nature
as actions to protect, sustainably manage, and restore ecosystems
that address societal challenges.

In response, the international research community established
Future Earth to bridge the historical divide between scientific
knowledge and societal action by advocating research that sup-
ports global sustainability (van der Hel, 2016). Future Earth has
created new structures (Suni et al., 2016), in which global research
networks such as iLEAPS play an important role, in identifying
and addressing key scientific gaps.

4. ‘iLEAPS’ facilitation

The iLEAPS science plan (included as Supplementary Material)
focuses on three overlapping terrestrial systems: (a) natural,
(b) managed land, and (c) urban, together with three critical
cross-cutting themes: (d) cold regions (e) arid/semi-arid regions,
and (f) wetlands. These are indicated schematically in Figure 2,
which also shows the key land–atmosphere processes of these
focal systems and themes. In the following sections, we identify
the environmental problems that iLEAPS is currently addressing
and where its efforts will be focused in the future.

(a) Natural ecosystems

More than 95% of the Earth’s land surface is directly affected by
human activities (Plumptre et al., 2021). Natural ecosystems,
defined as land that has not been actively altered or managed
for at least a generation, play a vital role in the Earth system.
Forests have the greatest impact on climate, both directly through
albedo and surface roughness, and the exchange of heat, energy
and trace compounds, and indirectly via carbon storage. Forests
also provide a vital range of ecosystem services, including habitat
for biodiversity, food, and fiber for people. Forests cover 31% of
the global land area but are not distributed uniformly (FAO,
2022). Their loss has serious implications for climate and ecosys-
tem services. Natural grass systems also provide essential ecosys-
tem services (e.g. below ground carbon sequestration (Dass
et al., 2018; Retallack, 2013; Ryan et al., 2011)), provide
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livelihoods for a significant proportion of the human population
and support a unique and adapted biodiversity.

A study of historic losses of carbon due to land use change,
mainly deforestation, suggests that global biomass could poten-
tially be ∼400 Pg carbon greater than at present (Erb et al.,

2018), equivalent to ∼40 years of CO2 emissions at current levels.
While this is an important rationale for promoting tree planting
as a climate mitigation option (e.g. the Bonn Challenge, FAO
(2022)), such solutions also need to balance the diverse ecosystem
services that forests provide (Lewis et al., 2019) or to avoid the

Figure 1. Key risks to terrestrial and freshwater ecosystems from climate change (Figure 2.11 in IPCC AR6 WGII [IPCC, 2022a]).

Figure 2. Schematic of the three focal systems of interest to iLEAPS, their overlap, the three key cross-cutting themes, and the land–atmosphere processes involved.
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unintended consequences of such actions on the ecosystem ser-
vice provision in grassland systems (Bond et al., 2019). Ryan
et al. (2011) estimate that the savannah regions of southern
Africa store between 18 and 24 Pg of carbon (split evenly between
the soil and woody vegetation), which is of a similar magnitude
that stored in the Congo Basin rainforests (30 Pg C).

The iLEAPS community is at the forefront of investigating the
many trade-offs between carbon storage and other ecosystem ser-
vices and highlighting the consequences of tree species changes
due to climate change as well as human deforestation and affor-
estation activities. In particular, iLEAPS scientists have empha-
sized the need to consider the interactions between vegetation,
local microclimate, fire occurrence, air quality, and human health
through the emissions of biogenic volatile organic compounds
and bio-aerosols such as pollen or fungal spores.

(b) Managed land

Managed land refers to that cultivated for agricultural food crops,
for agroforestry use, silviculture, plantations and pastures grown
for biomass for energy, timber, industrial products (e.g. paper,
rubber), and livestock and may include management interven-
tions, harvesting, thinning, the use of fire, and application of
soil improvers, for example, agrochemical nitrogen and phosphor-
ous fertilizers or natural fertilizers (Ogle et al., 2018). Managed
lands collectively represent one of the most dynamically changing
components of the land–biosphere–atmosphere system, as they
keep pace with the increased demands of food, shelter, and energy
for the world’s rapidly increasing population. Land management
has direct impacts on carbon stocks, air quality (e.g. contribution
to aerosols), and is associated with a range of GHG emissions and
also the removal of such gases through uptake and deposition.

The global tree count census (Crowther et al., 2015) neglected
the presence of cropland trees across the globe and Bastin et al.
(2019) excluded croplands while proposing reforestation as a
tool for carbon sequestration. There is at least 45 million ha of
agroforestry land, which is expected to expand with the ongoing
tree planting initiatives in degraded land (FAO, 2022).
Two-thirds of the chemistry-climate models used by the IPCC
exclude cropland trees in their land-use land-cover module
(Mishra et al., 2021). The ability to simulate dynamic land-use
changes related to biomass production or agricultural crop rota-
tion has yet to be undertaken by such chemistry-climate models
and is currently reflected in site-based or regional-scale process
models (Havermann et al., 2022).

The impact of air pollution, such as ozone, acid deposition,
and particulate matter, on agricultural crops has been assessed
in modeling studies at the global scale (Van Dingenen et al.,
2009). An important finding of the Tropospheric Ozone
Assessment Report (Mills et al., [2018]) is that some regions, in
particular Africa and South America, have very limited air pollu-
tion monitoring, making a complete global assessment difficult.
The importance of understanding these atmosphere–biosphere
feedbacks is very relevant to the UN sustainable development
goal on zero hunger.

(c) Urban

The majority of the world’s population now lives within an urban
environment. The combined effect of global climate change and
rapid urban growth, in tandem with economic and industrial
development, will induce or exacerbate a number of the urban
environmental problems (Figure 3).

Green infrastructure and other nature-based solutions are
increasingly considered to provide co-benefits for urban areas.
They can have benefits for carbon sequestration and adaptation
to climate risks and to mediate air quality and heat (Grote
et al., 2016). However, in urban areas, there can also be trade-offs
between adaptation and mitigation (Landauer et al., 2015;
Locatelli et al., 2015). The emissions of volatile organic com-
pounds from urban vegetation in the presence of high NOx

sources may increase ozone and secondary aerosol formation in
the urban atmosphere.

The number of premature deaths from exposure to outdoor air
pollution is projected to increase from ∼3 million people globally
in 2010 to 6–9 million in 2060. The distribution of these prema-
ture deaths across the globe is unequal, with the highest number
of deaths in China and India (OECD, 2016). In addition, evidence
suggests that air pollution may be linked to a decrease in life sat-
isfaction, and an increase in associated negative mental health
outcomes and therefore may have wider reaching impacts, both
societally and economically (Lu, 2020).

(d) Cold/high-elevation regions

The cryosphere is especially sensitive and changes could signifi-
cantly impact on the natural environment and human society. The
Arctic is warming faster than the global average (IPCC, 2021),
causing perturbations to the terrestrial water and carbon cycles in
this region. Warming may have already shifted some ecosystems
from net carbon sinks toward carbon-neutral or carbon sources,
although it remains a challenge to determine the net ecosystem
response across the circumpolar scale (Schuur et al., 2022). The
interactions and feedbacks to the atmosphere, regional climate,
and water resources, make quantitative forecasts challenging.

Understanding the consequences of mountain glacier retreat is
vital, since glaciers store and supply fresh water to lowland areas
(Meyer et al., 2007). In addition, plant productivity is generally
limited by low temperatures, short growing seasons, and aridity
(Paquette & Hargreaves, 2021). Current warming trends and
decreasing precipitation in continental interiors would change
the boundaries of these limitations, resulting in shifts of species
(Gauthier et al., 2014).

Warming can also have consequences for the permafrost in
these regions, such that permafrost carbon, which is equivalent
to about 40% (1,460– 1,600 Pg C, Schuur et al. (2022)) of total
global carbon within soils and biomass (Friedlingstein et al.
(2022): permafrost = 1,400, soils = 1,700, vegetation = 450 Pg C)
is projected to decrease (IPCC, 2021). Finally, wildfire, one of
the most significant disturbance agents at high latitudes, is
expected to increase in frequency and severity (UNEP, 2022),
exacerbating changes in these sensitive regions.

(e) Arid/semi-arid regions

Semi-arid regions are geographically located between the arid and
humid regions, where land–atmosphere interactions are stronger
because of abrupt change between moisture regimes. This
makes them simultaneously more sensitive to climate change
and more influential in terms of feedbacks to the global carbon
and hydrological cycles (Ahlström et al., 2015; Poulter et al.,
2014). They also exert powerful regional influences. Thus, the
severe drought experienced across the center of North China
has been attributable to stronger sensible heating in the western
arid regions in addition to direct climate warming (Huang
et al., 2013; Liu et al., 2019).
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The structure and carbon budget of semi-arid vegetation are
also under the strong control of wildfire. Approximately 3% of
the global land surface burns annually, which represents a signifi-
cant but poorly understood mechanism for the exchange of
energy and matter between the land surface and the atmosphere,
and longer-term alterations to the characteristics of the land sur-
face (Archibald et al., 2018). Earth system models examining the
impact of altered fire regimes indicate the potential for significant
increases in global mean surface air temperature, decreased net
radiation, and latent heat (Li et al., 2017).

The geographical distributions, frequency, and intensity of
wildfires are projected to change under current warming trends.
A comparison of global ‘fire-on’ and ‘fire-off’ simulations shows
that wildfire maintains vast areas of humid C4 grasslands and
savannahs, especially in South America and Africa, against its cli-
mate potential to form forest (Bond et al., 2005). Meta-analysis
using data from savannahs across the world indicates that vegeta-
tion–fire–climate relationships differ across continents (Lehmann
et al., 2014), but observational studies in Africa suggest that the
existence of savannah ecosystems there requires intensive distur-
bances (fire, herbivory) (Sankaran et al., 2005).

(f) Wetlands
Wetlands are ecosystems in which mineral or peat soils are water
saturated or where surface inundation dominates the soil biogeo-
chemistry and determines the ecosystem species composition
(USEPA, 2010). They are concentrated in two broad latitudinal
bands: one rich in peatlands that spans the boreal and subarctic
zones and a second covering the tropics and sub-tropics that con-
tain vast swamps and seasonally inundated floodplains (Kirschke
et al., 2013). Wetlands are an important component of the global

water and carbon cycles, influencing groundwater balance, and
river flow (Melton et al., 2013), and collectively represent the lar-
gest natural source of methane (Saunois et al., 2020). Boreal and
subarctic wetlands store most of the global wetland soil carbon
stock (Turetsky et al., 2014). In the tropics, trees subjected to per-
manent or periodic inundation have developed adaptive features
to enhance oxygenation of their root systems, which facilitate
the natural release of soil CH4 to the atmosphere (Pangala
et al., 2017).

Methane from wetlands, especially from the tropical wetlands,
has been identified as a key driver of the increased concentrations
of atmospheric methane and the shift in its isotopic composition
(Oh et al., 2022). Increased wetland methane emissions will offset
the climate benefits of any reductions in anthropogenic methane
emissions (e.g. through the global methane pledge) (Comyn-Platt
et al., 2018; Zhang et al., 2023).

Substantial GHG emissions are released from forested peat-
lands in Southeast Asia that are being drained and replaced
with perennial crops, such as oil-palm and pulpwood plantations
(IPCC, 2019a). Restoring tropical peatlands has benefits not only
for mitigating climate change but also for reducing fire risk and
for biodiversity (Tan et al., 2022).

5. Future focus of iLEAPS and vision for 2035

The iLEAPS science plan (included as Supplementary
Material) aims to provide a vision for the next decade and, for
example, synergies with the SDG’s, responses to the latest IPCC
and IPBES assessment reports, and areas for further research.
The science plan takes into account how research networks
have matured over the past decade, as well as the emergence of

Figure 3. Schematic diagram of the impacts of urbanization on climate and air quality (adapted from Wang et al. [2017]).
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novel measurement and monitoring from towers, aircraft, and
space to inform model development, and the need to consider
‘big data’ approaches and data equity in addressing science ques-
tions related to climate change, climate mitigation and adaptation.
Over the next decade, the science and applications vision for
iLEAPS includes the following cross-cutting themes that advance
the focal systems of interest in Figure 2:

• Global change: The iLEAPS community has played and con-
tinues to have a leading role in the global monitoring activities
such as FLUXNET (Suni et al., 2015) and more recently in the
Integrated Carbon Observing System (ICOS) and ecosystem
monitoring activities, such as National Ecological Observatory
Network. As we move towards the middle of the 21st century,
long-term observations such as flux data from FLUXNET
(Jung et al., 2019; Jung et al., 2020; Pastorello et al., 2020) can
now be used to track ecosystem responses to global change dri-
vers (e.g. global warming, elevated CO2, etc….) and to investi-
gate ecosystem resilience.

• Air pollution: The emissions from biomass burning and wild-
fires will continue to have impacts on human health. The
rapid urbanization and increase in NOx emissions will increase
ground-level ozone concentrations downwind of the urban cen-
ter, leading to potential impacts on crops and vegetation. Acid
deposition is still relevant to certain regions such as southern
Africa (Conradie et al., 2016). The nitrogen cycle and sustain-
able nitrogen management are becoming of increasing import-
ance (UNEA, 2022).

• Novel entities: iLEAPS will use its expertise in measurements,
monitoring, and modeling to identify and assess entities that
are of current or future concern, for example, microplastics
and invasive species.

• Land use: Through changes in land cover and land use, the land
is both a contributor to global environmental change as well as
a key component in effort to mitigate climate change, for
example, through land-based carbon capture and storage mea-
sures: afforestation, bioenergy, and peatland restoration. iLEAPS
has an important role to play in quantifying GHG emissions
and demonstrating the long-term resilience of these carbon
stores.

• New measurement and data analysis techniques: iLEAPS scien-
tists provide expertise and support enabling land–atmosphere
exchanges to be measured using multiscale and multisource
approaches. At the forest stand level, advanced techniques
including proximal sensing using LiDAR techniques (Hancock
et al., 2019; Lausch et al., 2018) and remote sensing of above-
ground biomass (Hernando et al., 2019), are reducing cost and
making observations feasible in remote locations. At a broader
scale, new remote sensing technologies can measure a wide
range of ecosystem properties and vegetation traits (Lausch
et al., 2018; Shiklomanov et al., 2019). These new datasets how-
ever require advanced software and computing facilities and the
fusion of text, images, audio, or video, often in real time.

• iLEAPS Community and Collaboration: iLEAPS represents a
vibrant community of scientists, including Early Career
Scientists (ECSs), who not only participate through regional
hubs but also as one community. iLEAPS has broadened its
scope, both geographically and in research expertise. While
maintaining existing collaborations (e.g. IGAC, AIMES, and
WCRP-GEWEX), iLEAPS is building new partnerships to
solve emerging challenges (e.g. SOLAS and MRI). iLEAPS
will contribute to the training of the next generation of

researchers by developing programs on international sustain-
ability and Earth science.

6. Concluding remarks

As the planet experiences increasingly large-scale changes in
atmospheric temperature, precipitation, and chemical compos-
ition, it is urgent that we understand the complex interactions
of these changes with the land system to realize their full impact.
Land–atmosphere interactions are central to a wide-ranging body
of scientific enquiry, bringing vital understanding of small-scale
processes (e.g. to create a healthier urban environment) through
to managing large-scale landscapes (e.g. to unlock its climate
mitigation potential) while maintaining essential ecosystem ser-
vices. Any proposed changes to land use require us to understand
the impact of atmospheric chemistry and meteorology on the
functioning of the land-system.

With specialists and science leaders from across the world, and
with expertise across the broad range of science covered by
iLEAPS, this inclusive hub enables the international community
to communicate and remain up to date with developments and
concepts on this link in the earth-system chain. Covering critically
important processes such as fire, forestry, wetlands, methane,
urban areas, pollution, and climate change, it is evident that
iLEAPS sits center stage of some of the most important and chal-
lenging environmental questions facing humanity.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/sus.2024.3.
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