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Foreword by Prof. Celeste Saulo, Secretary-General  
of the World Meteorological Organization

The science is clear – greenhouse gas emissions are rising, global 
temperatures are shattering records and extreme weather is wreaking 
havoc with our lives and our economies. Urgent and ambitious action 
is needed to support sustainable development, climate action and 
disaster risk reduction. The decisions we make today could mean  
the difference between a future of breakdown or a breakthrough to  
a better world for people and the planet. 

Natural and social sciences, technology and innovation hold 
tremendous potential to help us achieve these global goals. 
Rapid advances in artificial intelligence and machine learning are 
revolutionizing weather forecasting. Innovations in space-based Earth 
observations can help us better monitor greenhouse gas sources 
and sinks. Technologies such as digital twins and virtual reality can 
be applied in innovative contexts to help us achieve sustainable 
development and enhance disaster preparedness. 

However, science and technology alone are not enough.  In an 
increasingly complex world, we must embrace diverse knowledge, 
experiences and perspectives to co-create solutions together.  
The United Nations Secretary-General’s groundbreaking Early 
Warnings for All initiative highlights how we can work together 
to utilize advances in natural and social science, technology and 
transdisciplinary approaches to save lives and safeguard sustainable 
development gains. 

The Summit of the Future provides an opportunity to rethink, 
reimagine and reboot our actions, leverage diverse knowledge and 
experience, and strengthen governance mechanisms and trust in 
our institutions. We must ensure that the benefits of science and 
technology are accessible to all if we are to achieve global goals. 

I thank the many partner organizations and experts involved in 
creating this report to highlight the future of weather, climate, 
water and related environmental and social sciences in accelerating 
progress to achieve a better world today and for future generations  
to come.  

Prof. C. Saulo
Secretary-General, WMO



United in Science 2024 emphasizes the transformative impact 
of new technologies and innovative approaches across 
weather, climate, water and related environmental and social 
sciences. From artificial intelligence (AI) to cutting‑edge satellite 
technologies and virtual realities that bridge the physical 
and digital worlds, scientific and technological advances are 
enhancing weather, climate, water and related environmental 
applications as well as informing strategies for responding 
to global challenges such as climate change and sustainable 
development. The report also underscores the necessity 
of transdisciplinary approaches that help apply science 
and technology in local contexts and boost their impact by 
embracing diverse knowledge, perspectives and experiences 
to co‑develop and implement solutions. While significant gaps 
and challenges remain, enhanced collaboration across scales is 
essential to harness the full potential of weather, climate, water 
and related environmental and social sciences to ensure that 
their benefits are accessible to all.

The science is clear – we are far off track  
from achieving global climate goals,  
threatening a sustainable future for all

Human-caused climate change has resulted in widespread 
and rapid changes in the atmosphere, ocean, cryosphere and 
biosphere, affecting many weather and climate extremes. 
Global greenhouse gas (GHG) emissions rose by 1.2% from 
2021 to 2022, reaching 57.4 billion tons of carbon dioxide 
(CO2) equivalent. Globally averaged surface concentrations 
of CO2, methane (CH4) and nitrous oxide (N2O) also reached 
new highs. The year 2023 was the warmest on record by a 
large margin, with ocean heat content also reaching record 
highs, while Arctic and Antarctic sea-ice extent reached record 
lows. The first half of 2024 witnessed exceptionally high 
global temperatures and many extreme weather events, from 
scorching heat waves across large parts of Asia and drought in 
Southern Africa to record‑breaking floods in southern Brazil 
and the unprecedented Category 5 Hurricane Beryl in the 
Caribbean. The increasing frequency of extreme and hazardous 
weather events and their devastating impacts across society 
underscore the need for urgent and ambitious climate action.

Looking ahead, there is an 86% chance of at least one year 
in the next five years exceeding 2023 as the warmest year on 
record and an 80% chance that the global mean near‑surface 
temperature will temporarily exceed 1.5 °C above pre‑industrial 
levels at least one of the next five years. Although progress has 
been made in mitigating global GHG emissions, the emissions 
gap remains high. If current policies are continued, it is 
estimated (with 66% probability) that global warming will be 
kept to a maximum of 3 °C throughout the century. To reach 
levels consistent with limiting global warming to below 2 °C 
and 1.5 °C, global GHG emissions in 2030 must be reduced 
by 28% and 42%, respectively, from the emission levels that 
current policies are projected to deliver. Additionally, the 
complex and escalating nature of climate risks underscores 
the need for robust adaptation that is grounded in diverse 
knowledge and promotes inclusive engagement. As a result, 
ambitious adaptation action can help reduce the adverse 
impacts of climate change across ecosystems and societies, 
minimize losses and damages and safeguard sustainable 
development gains.

Advances in weather, climate, water and related 
environmental and social sciences can enhance 
our understanding of the Earth system and  
boost progress towards achieving a sustainable 
future for all

AI and machine learning (ML) have emerged as potentially 
transformative technologies that are revolutionizing weather 
forecasting and could equip society with better tools to drive 
progress towards climate change adaptation, disaster risk 
reduction and sustainable development. With rapid progress 
being made, AI and ML can make skillful weather modelling 
faster, cheaper and more accessible to lower-income 
countries with limited computational capacities. Additionally, 
innovations in satellite-based Earth observations can open 
new frontiers to advance weather, climate, water and related 
environmental applications. By leveraging public–private 
partnerships and international collaboration, innovations 
in space-based Earth observations can pave the way for 
improved weather prediction, enhanced understanding of our 

The Summit of the Future provides a once-in-a-generation opportunity to demonstrate 
how we can collectively achieve global goals, such as the Paris Agreement, Sendai 

Framework for Disaster Risk Reduction and 2030 Agenda for Sustainable Development. 
With global temperatures reaching record highs and the impacts of climate change and 
hazardous weather events reversing development gains, a sustainable future for all is 
at risk. However, harnessing the power of natural and social sciences, technology and 

innovation provides an unprecedented opportunity to get back on track to achieve global 
goals and a better world for present and future generations.
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However, global challenges such as climate 
change and sustainable development cannot  
be addressed by science and technology alone  
– they require a transdisciplinary approach  
to co-create and implement solutions

Addressing complex global challenges such as climate change, 
disaster risk reduction and sustainable development requires 
an enhanced rethinking and reimagining of how diverse 
perspectives, knowledge and experiences can help us co-create 
knowledge and implement solutions. Transdisciplinary 
approaches are increasingly being used to unite diverse actors 
– such as scientists, policymakers, practitioners and civil 
society, including local and Indigenous communities – and 
to apply natural and social sciences in local contexts. These 
approaches can amplify the impact of perspectives offered by 
weather, climate, water and related environmental and social 
sciences and enhance trust in various actors and institutions, 
including National Meteorological and Hydrological Services 
(NMHSs). Additionally, increasing the diversity of engaged 
actors, political commitment and global efforts to address 
climate action can accelerate sustainable development and 
disaster risk reduction, leading to stronger, more resilient 
communities in the face of evolving global challenges.

The Early Warnings for All (EW4All) initiative 
exemplifies how integrating global efforts 
across natural and social sciences, technological 
advances and transdisciplinary approaches  
can protect lives, livelihoods and the environment 
from natural hazards

The EW4All initiative is a groundbreaking effort that aims to 
ensure everyone on Earth is protected from hazardous weather, 
water or climate events through life-saving early warning 
systems by the end of 2027. Natural and social sciences, 
technological advances and transdisciplinary approaches, 
alongside robust partnerships, adequate resources and 
enhanced capacities, underpin effective multi-hazard early 
warning systems (MHEWS). Advancements in AI, space‑based 
Earth observations and immersive technologies can contribute 
to this critical initiative by advancing weather forecasting, 
contextualizing and communicating complex information 
for decision-making, and creating interactive, educational 
simulations to visualize different hazard scenarios and 
potential impacts to support anticipatory action. Additionally, 
transdisciplinary approaches, including participatory 
engagement methods such as citizen science, enhance the 
effectiveness of NMHSs through the co‑development of 
knowledge and solutions that are relevant to local contexts.

United in Science 20245

Box 1. Harnessing the power of data  
through international cooperation  
and robust governance

Weather and climate have no borders or boundaries, 
highlighting the need for international cooperation to 
close global data gaps and foster exchange of weather 
data to inform timely decision-making. Advances in 
science and technology are resulting in an exponential 
increase in data volumes and an explosive demand for 
data to support essential services across society. While 
there is tremendous potential to harness the power of 
data to deliver benefits across society, the growing data 
divide can lead to inequitable distribution of benefits and 
the misuse and misinterpretation of data. 

One example of international collaboration is the 
Systematic Observations Financing Facility (SOFF), which 
aims to support and accelerate the sustained collection 
and international exchange of essential surface-based 
weather and climate observations by providing financial 
support to implement the internationally agreed Global 
Basic Observing Network, especially in least developed 
countries and small island developing States. Additionally, 
the WMO Unified Data Policy recognizes the need for 
robust data governance based on the core principles of 
free and unrestricted data exchange. The policy guides 
the exchange of data between WMO Member countries 
to strengthen and sustain monitoring and prediction of 
all Earth system components and provides an essential 
framework to harness the spectacular developments 
in AI/ML for weather and climate prediction. These 
initiatives support better delivery of weather, climate, 
water and related environmental data and services, which 
can accelerate progress towards the achievement of the 
Sustainable Development Goals (SDGs) and contribute 
to the objectives outlined in the Global Digital Compact 
through the enhancement of data interoperability and 
accessibility.

climate system and more robust environmental monitoring. 
Additionally, immersive technologies are providing innovative 
solutions to address compounding socioeconomic and 
climate change impacts on water and land resources. For 
example, digital twins, virtual reality and the metaverse 
can revolutionize land and water management by offering 
immersive, interactive and data-driven solutions that bridge 
the physical and digital worlds. When enabled by sustainable 
funding mechanisms and effective governance frameworks, 
these technologies can enhance decision-making and the 
engagement of diverse actors.

Executive summary
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Box 2. Embracing youth  
and early career researchers

Young people and early career researchers (ECRs) belong 
to the generation of the present and the future, hence 
it is crucial to engage them in scientific endeavours, 
policymaking and climate action. As agents of change, 
young people often bring fresh perspectives, innovative 
approaches and a willingness to challenge the status quo, 
leading to breakthroughs in understanding and solving 
complex global problems. Their adaptability to new 
technologies and digital tools enhances the dissemination 
and application of diverse knowledge in our rapidly 
evolving society. Moreover, involving young people ensures 
the continuity of scientific inquiry and problem‑solving, 
fostering a sense of responsibility and ownership over 
scientific and societal challenges which is essential for 
long‑term impact. Thirteen ECRs were actively engaged in  
the development of United in Science 2024, which 
incorporates their perspectives and innovative ideas 
throughout. The involvement of ECRs exemplifies the 
commitment of WMO and partner organizations involved  
in this report to embrace the crucial role that young people 
play in shaping a sustainable and resilient future for 
generations to come.  

Collaboration across scales is essential  
to address gaps and challenges and harness 
the full potential of weather, climate, water and 
related environmental and social sciences to 
ensure that their benefits are accessible to all

Advances in weather, climate, water and related environmental 
and social sciences offer huge potential to support the full 
achievement of global goals, including the Paris Agreement, 
2030 Agenda, Sendai Framework for Disaster Risk Reduction 
and EW4All. However, data gaps, limited financial resources, 
inadequate capacity to utilize emerging technologies, as 
well as governance challenges limit the realization of the full 
potential of these advances and risk further exacerbating the 
digital divide. Moving forward, global partnerships between 
governments, the private sector, international organizations, 
civil society, academia, youth and local communities will be 
essential to address these challenges and ensure that the 
benefits of natural and social sciences, technologies and 
innovations are accessible to all. 

Executive summary
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Recommendations

• Enhance the quality, availability, accessibility, and 
interoperability of data. Reliable, transparent and 
easily accessible data, including Earth observation 
data, lie at the heart of scientific and technological 
transformation and can bridge global technological 
disparities. International cooperation can help close 
data gaps, improving the availability and quality 
of data, while robust governance mechanisms can 
enhance access to data by enabling the free and 
unrestricted exchange of data (Box 1). Additionally, the 
seamless integration of data from different public and 
private sources can improve data interoperability and 
empower diverse actors to leverage real-time insights 
in an effort to drive substantial progress towards 
global goals.

• Boost investments in and access to emerging 
science and technology. Advances in science and 
technology hold tremendous potential to revolutionize 
environmental monitoring, inform decision-making 
and support effective climate change mitigation 
and adaptation; however, further research and 
analysis are needed to address outstanding scientific 
questions and better understand potential risks and 
opportunities associated with these technologies. 
Innovative financing models, public–private 
partnerships and strong governance at all levels 
can create an enabling environment to scale up and 
accelerate research, innovation and transdisciplinary 
approaches and ensure the benefits are accessible to 
all.

• Scale up education, training and capacity 
development, particularly in developing countries. 
Education, training and capacity development are 
essential to seize the opportunities presented by 
science, technology and innovation and prepare the 
next generation to address the challenges of the 
future (Box 2). In particular, education and training in 
transdisciplinary approaches should be encouraged 
to boost the impact of perspectives offered by 
weather, climate, water and related environmental 
and social sciences by embracing diverse knowledge 
and solutions. Additionally, accelerating the transfer 
of technologies can help close the digital divide while 
also driving climate action and supporting sustainable 
development at all levels.

United in Science 2024
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The science is clear – rising greenhouse gas 
emissions and atmospheric concentrations are 
leading to changes in key climate indicators 
and affecting extreme events, contributing to 
devastating impacts globally and underscoring 
the need for urgent and ambitious action to 
achieve a sustainable future.

Authors: Melissa Seabrook (Met Office, UK), Leon Hermanson 
(Met Office, UK), Adam Scaife (Met Office, UK; University of 
Exeter, UK), Doug Smith (Met Office, UK), Anne Olhoff (UNEP 
Copenhagen Climate Centre), John Christensen (UNEP 
Copenhagen Climate Centre), Maarten Kappelle (UNEP), Jian Liu 
(UNEP), Joeri Rogelj (Imperial College London, UK; International 
Institute for Applied Systems Analysis (IIASA), Austria), Omar 
Baddour (WMO), Claire Ransom (WMO), Yohanna Villalobos 
(GCP), Yolandi Ernst (GCP), Yuhui Wang (GCP), Ana Bastos 
(GCP), Ben Poulter (GCP), Robert B. Jackson (GCP), Pep Canadell 
(GCP), John Kennedy (WMO), Frederic Chevallier (Laboratoire 
des Sciences du Climat et de l’Environnement (LSCE), France), 
Andrew Crotwell (NOAA Global Monitoring Laboratory 
and Cooperative Institute for Research in Environmental 
Sciences, University of Colorado Boulder, USA), Christoph 
Gerbig (Max Planck Institute for Biogeochemistry, Germany), 
Armin Jordan (Max Planck Institute for Biogeochemistry, 
Germany), Xin Lan (NOAA Global Monitoring Laboratory, 
USA), Zoë Loh (Commonwealth Scientific and Industrial 
Research Organisation, Australia), Ingrid Luijkx (Wageningen 
University and Research, Netherlands), John Miller (NOAA 
Global Monitoring Laboratory, USA), Yousuke Sawa (Japan 
Meteorological Agency, WDCGG, Japan), Oksana Tarasova 
(WMO), Alex Vermeulen (ICOS ERIC/Lund University, Sweden), 
Ray Weiss (Scripps Institution of Oceanography, University 
of California San Diego, USA), Thorsten Warneke (University 
Bremen, Germany), Camille Yver (LSCE, France)
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CHAPTER 1

State of climate science:  
the need for urgent and  
ambitious climate action
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Key messages
• Total global greenhouse gas (GHG) emissions increased by 1.2% from 2021 to 2022, setting a record of 57.4 billion tons  

of carbon dioxide equivalent. 

• The year 2023 was the warmest on record by a large margin, and during the first half of 2024 the world has experienced 
exceptionally high global temperatures and many extreme weather events with devastating impacts to society. 

• If current mitigation policies are continued, it is estimated (with 66% probability) that global warming will be kept  
to a maximum of 3 °C throughout the century.

Greenhouse gas (GHG) emissions and concentrations

Over the 2011–2020 decade, human activities associated with 
the emissions of GHGs have unequivocally caused global 
warming, with global surface temperature reaching 1.1 °C 
above 1850–1900 (IPCC, 2023). GHG emissions increased by 
1.2% from 2021 to 2022, reaching a record of 57.4 billion tons 
of carbon dioxide equivalent (GtCO2e). Emissions of methane 
(CH4), nitrous oxide (N2O) and fluorinated gases, which have 
higher global warming potentials and account for about one 
quarter of current GHG emissions, are also increasing rapidly. 
Fluorinated gas emissions grew in 2022 by 5.5%, followed by 
CH4 at 1.8% and N2O at 0.9% (UNEP, 2023a).

As emissions rise, so do atmospheric concentrations of GHGs. 
The latest analysis of observations from the WMO Global 
Atmosphere Watch in situ observational network shows 
that the globally averaged surface concentrations1 for CO2, 
CH4 and N2O reached new highs in 2022, with CO2 at 417.9 ± 
0.2 ppm, CH4 at 1 923 ± 2 ppb and N2O at 335.8 ± 0.1 ppb (WMO 
Greenhouse Gas Bulletin (GHG Bulletin), No. 19). These values 
constitute, respectively, 150%, 264% and 124% of pre‑industrial 
(before 1750) levels. The increase in CO2 from 2021 to 2022 was 
slightly lower than the increase observed from 2020 to 2021 
and slightly lower than the average annual growth rate over 
the last decade; this was most likely partly caused by natural 
variability, as CO2 emissions have continued to increase.  

For CH4, the increase from 2021 to 2022 was slightly lower 
than that observed from 2020 to 2021 but considerably higher 
than the average annual growth rate over the last decade. 
For N2O, the increase from 2021 to 2022 was higher than that 
observed any time before in our modern time record. However, 
atmospheric concentrations of GHGs are driven by both 
anthropogenic emissions as well as natural emissions and 
sinks, such as ecosystems that absorb CO2, which are extremely 
sensitive to climate variability and change.

Current and historical GHG emissions vary significantly across 
regions, countries and groups of countries, reflecting patterns 
of global inequality and varying progress on climate action. For 
example, globally, the 10% of the population with the highest 
income accounted for nearly half (48%) of emissions, with 
two thirds of this group living in developed countries, while 
the bottom 50% of the world population contributed only 
12% of total emissions. Additionally, nearly 80% of historical 
cumulative fossil and land use, land-use change and forestry 
CO2 emissions came from G20 countries, with the largest 
contributions from China, the United States of America and the 
European Union, while least developed countries contributed 
only 4% (UNEP, 2023a). As national and regional inequalities in 
GHG emissions continue to grow, scientific reporting of these 
emissions is becoming increasingly important to support 
effective decarbonization pathways and track mitigation 
targets, as highlighted in Box 1.

9
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1. The scientifically correct term for the abundance in the atmosphere of compounds such as carbon dioxide and other GHGs is dry air mole fraction, 
expressed as the number of moles of each gas per mole of dry air, often with units of ppm2 or ppb3. 

2. ppm – parts per million, that is, the number of molecules of a gas per million (106) molecules of dry air
3. ppb – parts per billion, that is, the number of molecules of a gas per billion (109) molecules of dry air
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Figure 1. Australia’s carbon 
budget with the mean annual 
anthropogenic and natural 
sources and sinks of carbon 
dioxide for 2010–2019 (million 
tons CO2 per year). Source: 
National Environmental Science 
Program – Climate Systems Hub

Figure 2. Components of the greenhouse gas budget of Africa for 2010–2019: fire CO2 emissions, termite methane emissions and biospheric 
net carbon sequestration. Source: Ernst et al., 2024

Box 1. Regional and national GHG budget analysis

The Global Carbon Project’s REgional Carbon Cycle 
Assessment and Processes (RECCAP2) conducts CO2, CH4 
and N2O budget analyses with higher spatial resolution, 
regionally relevant sources and sinks, and more detailed 
attribution to processes to better track the human and natural 
perturbations in atmospheric concentrations (Canadell et 
al., 2022; Friedlingstein et al., 2023; Saunois et al., 2024; Tian 
et al., 2024). In Australia, for example, fossil fuels are the 
largest source of CO2 emissions from human activities, with 
an average of 403 million tons of CO2 per year (2010–2019) 
(Figure 1). CO2 emissions from natural wildfires and prescribed 
burning (human‑caused) account for an even higher amount 
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at an average of 568 million tons of CO₂ per year. Unlike 
fossil fuel emissions, however, fire emissions are largely 
offset by vegetation regrowth, leading to an average net 
CO2 accumulation in the atmosphere of 36 million tons per 
year (Villalobos et al., 2023). Factoring in the natural CO2 
sinks, the net carbon balance of Australia was a source to 
the atmosphere of 140 million tons of CO₂ per year during 
2010–2019. Surprisingly, analysis has shown that Australia 
can be a large net source of CO₂ one year and a large net CO₂ 
sink the next, making it hard to detect long-term trends and 
understand if natural carbon sinks are growing or decreasing. 

ecosystems, in particular, support a large CO2 sink of an 
average of 0.8 billion tons of carbon, representing 20% of the 
global land CO2 sink. As anthropogenic emissions from land 
use change and fossil fuels continue to grow, however, the 
continent has become a net carbon source to the atmosphere 
(Figure 2).

At the regional level, the African continent includes a complex 
system of anthropogenic and natural sources and sinks of 
GHGs (Ernst et al., 2024). Emissions from land use change 
– an average of 1.7 billion tons of CO2 ‑equivalent per year 
(2010–2019) – are similar in magnitude to the emissions from 
fossil fuels at 1.74 billion tons of CO2‑equivalent. Terrestrial 

Fire carbon emissions Termite CH4 emissions Net carbon sequestrationFire carbon emissions Termite CH4 emissions Net carbon sequestration
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Global climate indicators

Human-caused climate change has resulted in widespread 
and rapid changes in the atmosphere, ocean, cryosphere 
and biosphere, affecting many weather and climate extremes 
(IPCC, 2023). The WMO State of the Global Climate reports 
provide a summary of the state of global climate indicators 
(Trewin et al., 2021), including global temperature, ocean heat 
and cryosphere indicators, among others. 

Global temperature 

The years from 2015 to 2023 were the nine warmest on record, 
and it is likely that the years 2015 to 2024 will be the ten 

Ocean heat content

Around 90% of the excess energy that accumulates in the 
Earth system due to increasing concentrations of GHGs in 
the atmosphere is taken up by the ocean. This added energy 
warms the ocean, and the consequent thermal expansion of the 
water leads to sea-level rise. Figure 4 shows the global ocean 
heat content, a measure of the heat that has accumulated in 

HadCRUT5 (1850–2024)
NOAAGIobalTemp (1850–2024) 
GISTEMP (1880–2024)
Berkeley Earth (1850–2024) 
JRA-3Q (1947–2024)
ERA5 (1940–2024)

Miniere et al. 2023 (1960–2023)
Ishii et al. 2017 (1960–2022)
GCOS (1960–2020)
Cheng et al. 2017 (1960–2023)

Figure 3. Five-year running average of global 
temperature anomalies (°C relative to 1850–1900) 
from 1854 to 2024 (data to May/July 2024) shown 
as a difference from the 1850–1900 average. Six 
data sets are shown as indicated in the legend, 
including two reanalyses. 

Figure 4. Global ocean heat content 0–2 000 m 
from 1960 to 2023. Data are based on a 
combination of data sets.
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warmest. The 2020–2024 global mean temperature average 
(based on data up to July 2024) is estimated to be 1.31 ± 0.12 °C 
above the 1850–1900 average. It is the warmest five‑year 
period on record according to all data sets surveyed (Figure 3). 
Although La Niña conditions persisted from late 2020 to early 
2023, a rapid transition to El Niño saw a 13‑month string of 
exceptionally high global temperatures with June 2023 through 
June 2024 each setting a new monthly record. El Niño gives 
a short-term boost to global temperatures, whereas years 
affected by La Niña are typically a little cooler.

the ocean, at 0–2 000 m from 1960 to 2023. The upper 2 000 m 
of the ocean continued to warm in 2023, reaching the highest 
heat content on record. It is expected that it will continue to 
rise in the future – a change which is irreversible on centennial 
to millennial timescales (Cheng et al., 2017; IPCC, 2019).



Cryosphere

Human influence is very likely the main driver of the decrease 
in Arctic sea‑ice area between 1979–1988 and 2010–2019 
(IPCC,  2023). Arctic sea‑ice cover (both annual and late 
summer) is currently at its lowest level since at least 1850, 
and is likely to reach practically ice-free conditions at its 
summer minimum at least once before 2050. During the period 
2019–2023, September Arctic sea‑ice extent was on average 
around 1 million km2 below the 1991–2020 average (Figure 5). 
In Antarctica, there was no significant trend in sea‑ice extent 
from 1979 to 2020 due to regionally opposing change and large 
internal variability (IPCC, 2021). And while Antarctic sea‑ice 
extent increased slowly from the start of the satellite era to a 

NSIDC March (1979_2024)
OSI SAF v2p2 March (1978_2024)
NSIDC September (1979_2023) 
OSI SAF v2p2 September (1978_2023)

NSIDC SH February (1979_2024)
OSI SAF SH v2p2 February (1978_2024) 
NSIDC SH September (1979_2023) 
OSI SAF SH v2p2 September (1978_2023)

Figure 5. Sea-ice extent differences from the 1991–2020 average in the Arctic for the months with maximum ice cover (March) and minimum ice 
cover (September) from 1979 to March 2024. Source: United States National Snow and Ice Data Center (NSIDC) and European Organisation for 
the Exploitation of Meteorological Satellites (EUMETSAT) Ocean and Sea Ice Satellite Application Facility (OSI SAF)

Figure 6. Sea-ice extent differences from the 1991–2020 average in the Antarctic for the months with maximum ice cover (September)  
and minimum ice cover (February) from 1979 to February 2024. Source: NSIDC and EUMETSAT OSI SAF

maximum in 2014 (Figure 6), it dropped rapidly between 2015 
and 2017 before reaching its lowest annual minimum on record 
in February 2023. The annual maximum extent in September 
2023 was the lowest on record by a very large margin, likely 
associated with warming of the Southern Ocean (Purich and 
Doddridge, 2023). In addition to sea‑ice extent, preliminary 
data available for 53  reference glaciers for the glaciological 
year 2022/2023 indicate an average global mass balance 
of –1.2  m water equivalent (m w.e.), which is nominally the 
largest loss of ice on record (WGMS, 2023). Glacier losses were 
particularly extreme in North America and Europe, with Swiss 
glaciers losing 10% of their remaining ice in the past two years.
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2024 extreme events 

Halfway through the year, the world has already witnessed 
numerous extreme weather events – from heat waves to floods 
and tropical cyclones – with devastating impacts to society. Heat 
waves scorched large parts of Asia in April and May 2024, with a 
maximum temperature of 47.2 °C recorded in India on 30 April 
2024. Schools were closed and the heat was particularly difficult 
for people living in refugee camps and informal housing, as 
well as for outdoor workers (WMO, 2024a). In Brazil, the state 
of Rio Grande do Sul experienced the most severe floods in its 
recorded history, with over 420 mm of rainfall affecting over 
90% of the state and displacing 386 000 people (OCHA, 2024). 
Hundreds of thousands were left without electricity and 
water, disproportionately affecting informal settlements 
and Indigenous villages. A rapid study from World Weather 
Attribution, based on published, peer-reviewed methods, 
found that the floods were strongly influenced by the naturally 
occurring El Niño phenomenon as well as human-induced 
climate change, which increased the intensity likelihood of the 
event (Clarke et al., 2024). In Africa, World Weather Attribution 
also found that El Niño was a key driver of drought in vulnerable 
Southern African countries in early 2024. Zimbabwe, Zambia, 
Malawi, Angola, Mozambique and Botswana received less 
than 20% of the typical rainfall expected for February, with 
devastating impacts to local communities (Kimutai, 2024). And 
in the Caribbean, the Atlantic hurricane season began with the 
unprecedented early‑season Category 5 Hurricane Beryl, which 
rapidly intensified and became the strongest June hurricane on 
record. The storm brought catastrophic winds and storm surge 
to the southern Windward Islands, setting a foreboding tone for 
the remainder of the hurricane season, which is predicted to be 
more active than usual (Thiem, 2024).

Looking ahead: climate predictions for 2024–2028

The year 2023 was record-breaking, becoming the warmest 
year on record by a huge margin due to a combination of 
factors, including continued warming from GHG emissions and 
El Niño (WMO, 2024b). According to the WMO Lead Centre for 
Annual‑to‑Decadal Climate Prediction, the trend of increasing 
global temperatures is expected to continue, with it being likely 
(86% chance) that at least one year in the next five will exceed 
the current warmest year on record (2023). It is also highly likely 
(90% chance) that the mean of the next five years (2024–2028) 
will exceed that of the previous five years (2019–2023). Annual 
mean global near-surface temperature for each year in this 
five‑year period is predicted to be between 1.1 °C and 1.9 °C 
higher than pre‑industrial levels, defined as the average over 
the period 1850 to 1900 (WMO, 2024c). 

Additionally, it is likely (80% chance) that the global mean 
near‑surface temperature in at least one of the next five years 
will exceed 1.5 °C above pre‑industrial levels for the first time, 
and this chance is increasing with time. It is about as likely as not 
(47% chance) that the five‑year mean will exceed this threshold. 
The Paris Agreement threshold of 1.5 °C refers to long‑term 
warming averaged over 20 years, so temporary exceedances 

during single months, seasons and years are expected to occur 
with increasing frequency as long‑term global temperatures 
approach this level (WMO, 2024c). 
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Figure 7. Five-year temperature forecasts. Ensemble mean 
predictions for near-surface temperature anomalies relative to 
1991–2020 for the next five extended seasons of May to September 
2024–2028 (left) and November to March 2024/2025–2028/2029 
(right). Stippled where more than one third of models disagree on 
the sign of the anomaly. Source: WMO, 2024c
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The predicted temperature patterns for two extended seasons, 
May to September and November to March, for 2024–2028 
relative to the 1991–2020 average are presented in Figure 7. 
For both seasons, temperatures are likely to be above average 
everywhere, with enhanced warming over land. For November 
to March, we expect to see increased warming over the northern 
hemisphere, with the Arctic (north of 60°N) near‑surface 
temperature warming predicted to be three times the global 
mean warming (WMO, 2024c). 



Science for climate action

At the time of the adoption of the Paris Agreement, GHG 
emissions were projected to increase by 16% by 2030 relative 
to 2015. Now, that projected increase is 3%, indicating progress 
in mitigating global GHG emissions. Under the Paris Agreement, 
countries submit Nationally Determined Contributions (NDCs) 
every five years that present national efforts to limit global 
warming to well below 2 °C. By the end of 2023, 149 NDCs had 
been updated (counting the European Union and its 27 member 
States as a single Party), and if they are fully implemented, it is 
estimated that they will reduce global GHG emissions by about 
5.0 GtCO2e (range: 1.8–8.2 GtCO2e) annually by 2030, compared 
with the initial NDCs (UNEP, 2023a).

Yet, the emissions gap in 2030 remains high. Current 
unconditional4  NDCs imply a 14 GtCO2e gap for keeping warming 
to 2 °C with a 66% chance, and a 22 GtCO2e gap for keeping it to 
1.5 °C by the end of the century. The additional implementation 
of the conditional NDCs reduces these estimates by 3 GtCO2e 
(Figure 8). It is estimated that the full implementation of 
unconditional and conditional NDCs would reduce global 
emissions in 2030 by 2% and 9%, respectively, compared with 
current policy projections. However, to reach levels consistent 
with limiting global warming to below 2 °C and 1.5 °C, global 
GHG emissions in 2030 must be reduced by 28% and 42%, 
respectively (UNEP, 2023a). 

4. Unconditional NDCs are not contingent on a range of possible conditions, such as the ability of national legislatures to enact the necessary laws, 
ambitious action from other countries, realization of finance and technical support, or other factors. NDCs that are contingent on various conditions 
are known as conditional NDCs (UNEP, 2023a).
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If current policies are continued, it is estimated that global 
warming will be kept to a maximum of 3 °C (range: 1.9–3.6 °C, 
66% chance) throughout the century and further increase 
after 2100 as CO2 emissions are not yet projected to reach 
net‑zero levels by 2100. In the most optimistic scenario where 
all conditional NDCs and net‑zero pledges are fully achieved, 
global warming is projected to be limited to 2 °C (range:  
1.8–2.5 °C, 66% chance) over the course of the century. However, 
net-zero pledges remain highly uncertain, and there is only a 
14% chance of limiting global warming to 1.5 °C, with a large 
possibility of global warming exceeding 2 °C or even 3 °C. 
As a result, urgent mitigation action is needed to narrow the 
emissions gap and pave the way for the full fulfillment of all 
net‑zero pledges (UNEP, 2023a).

Ambitious adaptation action is also necessary for reducing 
the adverse impacts of climate change, minimizing losses and 
damages and safeguarding sustainable development gains.  
The complex and escalating nature of climate risks underscores 
the need for robust adaptation action that is grounded in diverse 
knowledge and promotes inclusive engagement to effectively 
reduce vulnerabilities across ecosystems and societies. 
Adaptation planning and implementation has progressed, 
but most observed adaptation responses are fragmented, 
incremental, sector‑specific and unequally distributed across 
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Blue area shows pathways 
limiting global temperature 
increase to below 2°C with 
about 66% chance

Green area shows pathways
limiting global temperature
increase to below 1.5°C with 
a 50% chance by 2100 and 
minimum 33% likelihood over 
the course of the century
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Figure 8. Global GHG emissions under different scenarios and the emissions gap in 2030 and 2035 (median estimate and 10th to 90th 
percentile range). Note: GtCO2-eq – billion tons of carbon dioxide equivalent. Source: UNEP, 2023a

regions (IPCC, 2023). For example, one out of six countries 
still lack a national adaptation planning instrument, and a 
significant finance gap remains, with the flow of international 
public adaptation finance declining since 2020 (UNEP, 2023b). 
Additionally, there is increased evidence of maladaptation, 
which can lock in existing inequalities and vulnerabilities, 
particularly among marginalized populations. And while there 
are feasible and effective adaptation options today, many will 
become less effective as global warming increases and some 
human and natural systems reach adaptation limits (IPCC, 2023).

The science is clear – rising GHG emissions and atmospheric 
concentrations are leading to changes in key climate indicators 
and are affecting extreme events and contributing to 
devastating impacts globally, particularly among the world’s 
most vulnerable communities. With global temperatures 
expected to continue rising, urgent and ambitious climate action 
is needed to mitigate GHG emissions, adapt to the adverse 
impacts of climate change and minimize losses and damages. 
Leveraging emerging natural and social science, technology and 
innovation, climate action can support the achievement of the 
2030 Agenda for Sustainable Development and safeguard our 
future for generations to come.  

United in Science 2024
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Artificial intelligence and machine learning 
have emerged as potentially transformative 
technologies that can revolutionize weather 
forecasting and could equip society with  
better tools to drive progress towards climate 
change adaptation, disaster risk reduction  
and sustainable development. 
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CHAPTER 2

Artificial intelligence 
and machine learning: 
revolutionizing weather 
forecasting
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Key messages
• Artificial intelligence (AI) and machine learning (ML) can make skillful weather modelling faster, cheaper and more 

accessible, enabling a paradigm shift in predicting extreme and hazardous weather events.

• Gaps in data availability, inadequate model resolution and concerns about ethics, such as insufficient transparency  
and unequal access, are challenges that limit the application of AI/ML for weather forecasting.

• Scientific advancements, capacity development and global collaboration can unlock the full potential of AI/ML  
in supporting climate change adaptation, disaster risk reduction and sustainable development while bridging global 
technological disparities.

Introduction

AI and ML are revolutionizing how we confront global issues 
such as climate change, disaster risk management and 
sustainable development. AI has been around for decades, but 
recently the technology’s development has been accelerating 
at an unprecedented pace (United Nations Advisory Body on 
Artificial Intelligence, 2023). Although closely related, AI and 
ML serve different functions. AI is a broader concept referring 
to a wide range of technologies that enable machines to 
perform tasks typically requiring human intelligence, such as 
reasoning, learning, and self‑correction. ML is a specific subset 
of AI focused on using algorithms to process data, learn from 
it, and make decisions or predictions based on these data. This 
process, known as training, involves teaching computer models 
to perform tasks like recognizing speech, identifying images or 
predicting trends by learning from large amounts of data. In 
meteorology, AI/ML have emerged as potentially transformative 
technologies that can revolutionize weather forecasting and 
could equip society with better tools to respond and adapt to 
climate change.

This chapter highlights how AI/ML can enable a paradigm 
shift in predicting extreme and hazardous weather events by 
making weather models cheaper, faster and more accessible to 
lower-income countries with limited computational capacities. 
Data‑driven AI/ML weather models have shown good performance 
for many forecasting tasks and AI tools can help contextualize 
and communicate complex information for decision-making to 
support climate change adaptation and disaster risk reduction. 
Yet, there are challenges that limit realization of the full 
potential of AI/ML for weather forecasting, including gaps in 
data availability, inadequate model resolution and concerns 
about ethics, such as a lack of transparency and unequal access.  

 
 
 
 
Scientific and technological advances along with strengthened 
international collaboration can advance AI-driven weather 
forecasting while promoting equity in support of global goals. 

Artificial intelligence and machine learning: 
revolutionizing weather forecasting

Traditionally, weather forecasting relies on physics-based 
models to predict the behaviour of the atmosphere through a 
process known as numerical weather prediction (NWP). These 
models solve equations that represent physical processes, 
such as fluid dynamics and thermodynamics, to simulate 
the state of weather on short time scales. Substantial 
computational resources are required, however, to solve 
complex mathematical equations across global and regional 
scales. As a result, NWP can be costly in terms of computing 
power and financial and human resources, which is a barrier 
for many National Meteorological and Hydrological Services 
(NMHSs). 

However, AI/ML are revolutionizing the future of weather 
forecasting. Instead of relying on costly physics-based 
numerical models, AI/ML models are trained on reanalysis and 
observational datasets, making weather forecasting faster and 
cheaper. And while AI primarily supports weather prediction 
today, this role may be reversed in the future, with weather 
prediction becoming primarily driven by AI. In fact, some 
evaluations have shown that AI/ML models are surpassing 
physics-based models in predicting some weather variables 
and extreme or hazardous events, such as tropical cyclones 
(Figure 1) (see, for example, Keisler, 2022; Pathak et al., 2022;  
Bi et al., 2023; Lam et al., 2023; Lang et al., 2024). On longer time 
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Figure 1. Recent advancements in the Artificial Intelligence/Integrated Forecasting System (AIFS) have improved cyclone detection capabilities 
by AI/ML models. Tropical Cyclone Belal struck Reunion and Mauritius with intense rains and powerful winds in January 2024 but was detected 
two days earlier by AIFS version 2 (bottom) compared to version 1 (top) primarily due to a significant increase in horizontal resolution.  
The figure shows mean sea level pressure (MSLP) and 850 hPa wind speed on 8 (a) and 9 (b) January 2024, valid at T + 168 h in AIFS version 1, 
and on 8 (c) and 9 (d) January 2024 for the same valid time in AIFS version 2. Source: ECMWF, 2024
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scales, studies have shown that AI/ML models can also predict 
the El Niño Southern Oscillation up to three years ahead (see, for 
example, Ham et al., 2021; Patil et al., 2023). These developments 
in AI/ML for weather forecasting have largely been led by big 
technology companies, such as Google DeepMind, NVIDIA and 
Huawei, as well as forecasting centres, such as the European 
Centre for Medium‑Range Weather Forecasts (ECMWF) and the 
United States National Oceanic and Atmospheric Administration 
(NOAA). However, some evaluations of these AI models have 
found limitations in their performance (Box 1). 

Additionally, AI/ML models can reduce the significant 
computational cost associated with producing the underpinning 
datasets required to support forecasts. For example, AI/ML 

methods can enhance weather prediction by checking weather 
data quality (Sha et al., 2021), fusing different data sources and 
downscaling weather model outputs (see, for example, Harris 
et al., 2022). Previously, these capabilities were limited to large 
global forecasting centres due to the computational burden, 
but now they can be accessed by NMHSs that previously did 
not have sufficient resources. As a result, the barrier to entry for 
running a skillful forecast model for many NMHSs is significantly 
lowered. Lower costs have also allowed smaller public and 
private entities to enter the playing field by using AI to mimic 
weather forecasts of NMHSs.

Through large language models, such as ChatGPT, AI can also 
help contextualize and communicate complex information for 
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Figure 2. Two-metre temperature error evolution over a 10-day forecast averaged over the southern hemisphere for the year 2022 from 
different AI modelling systems (Huawei’s Pangu-Weather (Bi et al., 2023), NVIDIA’s FourCastNet (Pathak et al., 2022), the AIFS (Lang et al., 2024) 
and Google Deepmind’s GraphCast (Lam et al., 2023) with the physical model IFS as a reference (lower error is better). Notably, each of the 
AI 10-day forecasts takes less than one minute to produce on a single graphics processing unit (GPU). Source: ECMWF, 2024

Box 1. How good are machine learning models?

The European Centre for Medium‑Range Weather Forecasts 
(ECMWF) has undertaken routine evaluation of AI weather 
models trained on ERA5, a global climate reanalysis combining 
observational data with models to provide hourly updates 
on atmospheric conditions (Figure 2). Predictions of severe 
weather events like windstorms, extreme temperatures and 
tropical cyclones were analyzed and the results show that 
current ML models consistently perform well with some 
limitations. For example, ML models can accurately forecast 
the path of tropical storms but may underestimate storm 
intensity. AI models can also predict intense windstorms 
several days in advance, but with some underestimations in 
maximum wind speeds. Additionally, AI forecasts initialized 

from ECMWF’s 9‑km resolution forecasts can capture the 
pattern of summer and winter temperatures, but fall short 
in capturing extremes accurately, in particular the lowest 
observed temperatures, which is also a challenge in traditional 
numerical weather prediction (NWP) forecasts. Comparisons 
against standard benchmarks showed that AI forecasts 
initialized from ECMWF’s operational 9‑km analysis were 
generally more accurate than any existing global forecasts 
produced in a traditional way. However, errors in AI forecasts 
and traditional physics-based model forecasts are often 
correlated, highlighting common challenges in predicting 
certain weather situations.
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decision‑making (see, for example, Koldunov and Jung, 2024). 
When used appropriately, these tools can enhance disaster 
preparedness, response and adaptation in support of global 
initiatives such as Early Warnings for All (EW4All), the Sustainable 
Development Goals (SDGs), the Paris Agreement and the Sendai 
Framework for Disaster Risk Reduction. Although the trigger 
for potential disasters can be hazardous weather events, the 

decisions on risk, adaptation or mitigation and structural 
changes in behaviour require information from a wealth of other 
sources in combination (for example, enhancing global weather 
and climate information with regional and local information). 
This can be more readily explored and refined through ML tools, 
empowering local actors to translate global information to local 
impacts.
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Gaps and challenges

Although tremendous opportunities are arising from advances 
in AI/ML for weather forecasting, many challenges prevent 
the full application and realization of the potential of these 
technologies. In particular, limited data quality and availability 
remains a principal challenge. Currently, accurate AI/ML models 
require large, high‑quality and consistent data sets (see, for 
example, ERA5 (Hersbach et al., 2020)), particularly in the 
training phase. While the global observing system provides a 
large volume of historical and current data, challenges remain 
in handling the sheer scale of data required for training, and 
economic, political and geographical differences between 
countries can result in uneven data availability. Additionally, 
gaps in spatial and temporal variability of data, such as the lack 
of data for small-scale weather phenomena and the absence of 
high-resolution global reanalysis data, affect training and limit 
the effectiveness of AI/ML models. As a result, training must 
rely on model outputs or direct observations, which is more 
difficult and computationally expensive – a challenge that must 
be balanced with the need for rapid, accurate and actionable 
predictions. 

Further complicating matters is the absence of harder-to-predict 
variables, such as ocean, land, cryosphere and carbon-cycle 
variables, in current AI/ML models. These variables are deeply 
interconnected, but their absence limits the accuracy of 
extended-range weather forecasts, seasonal predictions and 
longer-term climate projections, particularly at local scales 
(Woolnough et al., 2007; Vellinga et al., 2020). There has been 

a shift towards targeted enhancements in model resolution 
(Nippen and Chantry, 2024), where regional specificity is 
prioritized without the need for comprehensive global 
resolution upgrades. However, downscaling methods to 
enhance model resolution require considerable computational 
resources, which remains a challenge (Mardani et al., 2024). 

Additionally, ethical challenges, such as insufficient transparency 
and unequal access, limit the uptake and effectiveness of  
AI/ML weather models (McGovern et al., 2022). For example, 
ML models do not make the physical processes they simulate 
explicit, potentially eroding public trust and confidence in AI/ML 
forecasts. Efforts are being made to improve the interpretability 
of ML models (Ghaffarian et al., 2023), including integrating 
physics‑based constraints (see, for example, Harder et al., 
2022) and developing methods to test models’ representation 
of physical processes they have not been trained on (Hakim 
and Masanam, 2024). However, there is still a need to enhance 
transparency to ensure trust and confidence, which can lead to 
greater uptake and acceptance of information that is critical for 
society. Additionally, AI/ML tools that enable efficient use of the 
available data are still not accessible to everyone, which risks 
further exacerbating inequalities, particularly those related to 
the global digital divide. Limitations in data, computation and 
user skill sets continue to prevent access to these emerging 
technologies and must be addressed to ensure everyone can 
benefit from the many benefits they deliver across society. 
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Looking ahead: the future of artificial intelligence 
and machine learning for weather and climate

Looking ahead, AI/ML will continue to push boundaries across 
weather and climate. The next frontier will likely involve data 
assimilation and the development of robust foundation models, 
which are trained on large, varied datasets without a single 
specific task in mind, enabling them to be exported and adapted 
to more specific applications. Additionally, it will be critical to 
extend existing atmospheric AI/ML models to encompass the 
full Earth system to enhance not only weather forecasting but 
also climate prediction capabilities (see, for example, Wang 
et al., 2024; Watt‑Meyer et al., 2023). Broadening the scope 
of data, including untapped data from commercial satellite 
providers as well as crowd‑sourced data (Internet of Things), 
holds promising potential to enhance the performance of AI/ML 
models, which generally improve as the volume and diversity of 
training data increases. Ensuring these training data are openly 
available with low-cost federated data storage platforms and 
computing infrastructure, in combination with standardized 
tools to utilize data and build ML applications for weather, can 
help democratize use and exploitation of ML in NWP across 
the globe. 
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We are moving towards a future where AI-driven insights 
support decision-making and empower communities worldwide 
to mitigate risks associated with climate variability and 
extreme and hazardous weather. Strong global governance 
and frameworks are needed to ensure AI/ML are developed 
with humanity’s best interests in mind and are accessible to 
all. Enhanced transparency in AI/ML weather models, including 
greater openness and traceability of training data, will be 
important for building trust and developing standards for 
the responsible use of these tools. Additionally, ethical AI 
development must address systemic biases and equal access 
by ensuring technology considers all communities, particularly 
those most vulnerable. Training and capacity development 
are also needed to address the digital divide and ensure the 
effective, responsible and equitable application of AI/ML 
tools. The evolution of these technologies underscores the 
importance of global collaboration to unlock the full potential 
of AI/ML in enhancing climate action, empowering local actors 
and bridging technological disparities to support achievement 
of a more sustainable and resilient future for all.  

Artificial intelligence and machine learning: revolutionizing weather forecasting

United in Science 2024
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Innovations in space-based Earth observations 
can open new frontiers to advance weather, 
climate, water and related environmental 
applications, accelerate progress towards global 
goals and foster peaceful and sustainable benefits 
for all.

Authors: Jumpei Takami (UNOOSA), Anne-Claire Grossias 
(UNOOSA), Lorant Czaran (UNOOSA), Gemechu Jebeso Morketo 
(Central European University), Ajadi Sodiq (Central European 
University), Paolo Ruti (EUMETSAT)
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Key messages
• High-resolution and high-frequency observations of the Earth system are crucial for effective weather forecasting, 

climate prediction and environmental monitoring.

• Leveraging public–private partnerships, innovations in space-based Earth observations such as very-high resolution 
imaging and mega-constellations can open new frontiers and accelerate progress towards global goals.

• International collaboration, comprehensive governance frameworks and innovative financing models can support  
space-based Earth observation for weather, climate, water and related environmental applications.

Introduction

From pigeons to balloons and satellites, humanity’s efforts to 
observe and measure Earth phenomena have advanced rapidly 
over the last 100 years. Today, satellites allow us to observe 
Earth’s land, oceans and atmosphere at increasingly higher 
resolutions and frequencies, providing services that are crucial 
to society (Emery and Camps, 2017). In the context of weather, 
climate, water and environmental applications, new satellite 
technologies can enhance weather data and contribute to the 
creation of long-term climate data records, which are crucial for 
climate services, particularly in vulnerable regions. Additionally, 
satellite technology can be a cost-effective tool in supporting 
the achievement of global goals, such as the Paris Agreement, 
Sendai Framework for Disaster Risk Reduction and 2030 Agenda 
for Sustainable Development (Lemmens, 2011; Hegglin et al., 2022).

This chapter provides a high-level overview of space-based 
Earth observations for weather, climate, water and related 
environmental applications and highlights some of the latest 
advancements in science and technology related to satellite 
observations. Additionally, this chapter identifies gaps and 
challenges that limit the realization of the full potential of 
these advancements and that must be addressed to ensure 
space‑based Earth observations foster sustainable benefits for all.

Space-based Earth observations for weather, 
climate, water and environmental applications

The world’s first weather satellite was launched on 1 April 1960, 
marking the beginning of a new era (WMO, 2023). Since then, 
remarkable technological advancements have been achieved. 
Spectrometers can now measure radiance emitted from the 
Earth across thousands of wavelength channels, compared 
to just a few in the past, and advances in scatterometers 
and altimeters have enhanced ocean monitoring. These 
advancements have paved the way for improved weather 
prediction, enhanced understanding of our climate system and 
more robust environmental monitoring.

The increasing availability of satellite imagery and observation 
data has improved our ability to predict high-impact weather 
events across time scales, from hours to days, including in regions 
with complex terrain or insufficient surface observation data  
(Du et al., 2021). Technologies such as microwave sounders can 
“slice” the atmosphere vertically to better understand how 
key variables in weather forecasting change throughout the 
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Box 1. Space-based Earth observations:  
building capacity for nowcasting of 
thunderstorms in Southern Africa

Space-based Earth observations with high temporal and 
spatial resolution enhance nowcasting capabilities. As a 
result, weather forecasters can observe thunderstorms 
as they form, assess how severe they will be and provide 
early warnings that enable members of the public to take 
anticipatory action to minimize impacts. In Southern 
Africa, for example, severe thunderstorms threaten 
lives and cause significant damage to property and 
livelihoods, particularly in urban areas. The Weather and 
Climate Information Services (WISER) Early Warnings for 
Southern Africa (EWSA) project aims to build capacity 
for nowcasting using real-time satellite images of Africa 
to predict high-impact hydrometeorological hazards in 
urban areas (Symonds, 2023). Additionally, the project 
engages with disaster risk management agencies and 
non-governmental organizations to co-produce outputs 
with people living in cities, including disadvantaged 
groups, such as women and people with disabilities. As a 
result, the WISER EWSA project aims to not only advance 
nowcasting technology but also help ensure that everyone 
receives these early warnings and knows what action to 
take to reduce the risk of negative impacts.

atmosphere. Satellite data measuring storm-related variables 
are essential for nowcasting, or the prediction of rapidly 
developing atmospheric events, such as thunderstorms, on 
timescales up to six hours (Box 1).

Additionally, satellite observations improve our ability to 
monitor the state of our climate and project future changes in 
climate with reduced uncertainty (Guo et al., 2015). For example, 
satellite observations and data are essential for monitoring 
polar ice changes, informing climate models and understanding 
climate impacts (Hall, 1988). Also, international collaboration 
enables the use of geostationary satellites to establish 
long-term records of essential climate variables and headline 
indicators, which provide a basis for assessing the state of the 
global climate system (Trewin et al., 2021). This information 
supports effective decision-making and adaptation, including 

https://www.wiser-ewsa.org/


at local levels, and reduces the risk of maladaptation (United 
in Science 2023: Sustainable Development Edition). 

Finally, space-based Earth observations are also pivotal for 
environmental monitoring. For example, synthetic aperture 
radar (SAR) imaging, which involves satellites emitting radar 
signals that are reflected and then recorded by instruments 
on the same satellite, are particularly useful because they 
can generate images even when it is dark or cloudy. As a 
result, SAR imaging offers all-weather, day-and-night Earth 
observation, which is crucial for many applications, such as 
tracking deforestation, monitoring sea ice or disaster risk 
reduction and response. Environmental monitoring utilizing 
space-based Earth observations can support water and land 
management by measuring and monitoring soil conditions 
to detect drought conditions and inform anticipatory action 
to alleviate food and water insecurity in vulnerable regions 
across the world (Schollaert Uz et al., 2019; Dube et al., 2022).

Scientific and technological advancements  
in space-based Earth observations

Science and technology have led to incredible advancements 
in space-based Earth observations in recent decades, greatly 
enhancing weather, climate, water and related environmental 
applications. For example, predicting fast-changing weather 
events requires information about atmospheric variables, 
such as temperature, moisture and wind. New hyperspectral 
technology used in geostationary satellites will soon provide 
frequent high‑resolution temperature and humidity data, and 
space-based lidar technology is enhancing the measurement 
of winds. Additionally, the use of a multi-sensor approach that 
combines data from different types of sensors can improve 
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the tracking and analysis of heavy rainfall and enhance 
understanding of the hydrological cycle, which is critical for 
predicting and assessing climate change.

Additionally, the resolution of satellite imaging continues 
to improve thanks to scientific and technological advances. 
The latest generation of very high resolution (VHR) Earth 
observation satellites offers sub-metre resolution imagery 
imagery up to 30 cm per pixel, enabling more precise monitoring 
of environmental changes from global to local scales (Neigh 
et al., 2019). These days, there are numerous commercial VHR 
data sources that complement existing government-funded 
Earth observation systems. These initiatives highlight the 
importance of private-sector investments in space-based Earth 
observations and a public- and private-sector industry that can 
advance Earth observation data through collaboration. 

Global navigation satellite systems (GNSS), which have provided 
global positioning, navigation and timing services for decades, 
are increasingly being used in innovative ways to enhance ocean 
observations. For example, GNSS reflectometry technology uses 
reflected signals to infer sea‑surface heights and temperatures, 
wind speeds and significant wave heights, among other 
variables, which are critical for enhancing understanding of 
atmospheric and ocean coupling to improve weather and 
climate prediction (Xing et al., 2022). Additionally, GNSS radio 
occultation, another remote sensing technique utilizing GNSS, 
can analyze atmospheric temperature profiles that are critical to 
enhancing numerical weather prediction skill.

In addition, the capabilities of satellite observations to 
monitor atmospheric composition are growing rapidly. For 
example, the Copernicus Anthropogenic Carbon Dioxide 
Monitoring Constellation will combine high‑resolution satellite 
measurements of CO2 and CH4 emissions with ground-based 
measurements and modelling to distinguish anthropogenic 
emissions from natural sources (ESA, 2022). Other initiatives, 
such as NASA’s Orbiting Carbon Observatory‑3 (OCO-3), as well 
as private-sector space missions will provide complementary 
high-resolution global GHG monitoring. These advancements 
are giving rise to new initiatives that can inform international 
policy (Box 2) and societal applications, particularly in the 
health sector, which requires air quality information to inform 
decision‑making and adaptation (2023 State of Climate Services: 
Health).

Finally, recent advances, including large constellations of 
satellites being developed, laser communication and edge 
computing, could enhance space-based Earth observation 
data collection, connectivity and data availability. For example, 
commercial providers are breaking technological barriers with 
the miniaturization of instrument components, which has 
reduced the size, weight and cost of satellites. This has led to 
a new era of small satellites (SmallSats) that are more agile, 
cheaper to produce and launch, and easier to coordinate. These 
SmallSats form large constellations that help collect different 
types of weather and environmental data faster and in more 

United in Science 2024

Space-based Earth observations: enhancing weather, climate, water and related environmental applications

Box 2. Global Greenhouse Gas Watch (G3W)  
– informing international climate policy 

Successful implementation of the Paris Agreement will 
require sustained, near‑real time monitoring of GHG 
fluxes and concentrations to assess the impact and 
overall effectiveness of mitigation efforts undertaken by 
the Parties to the Agreement. WMO’s Global Greenhouse 
Gas Watch (G3W) initiative will provide a platform for the 
international exchange of space-based and surface-based 
observations and modelling products to estimate the 
fluxes of CO2, CH4 and N2O, taking into consideration 
both human and natural influences. Building on WMO’s 
experience in facilitating international collaboration and 
its longstanding Global Atmosphere Watch programme, 
G3W will provide quantitative data to help improve our 
understanding of GHG cycles and better prediction of 
long-term climate trajectories. As a result, the initiative will 
provide information to support decision-making regarding 
mitigation actions and monitor progress towards achieving 
commitments. 

https://library.wmo.int/idurl/4/68235
https://library.wmo.int/idurl/4/68235
https://ocov3.jpl.nasa.gov/documents/1/oco-3-fact-sheet-4-pages.pdf
https://library.wmo.int/idurl/4/68500
https://library.wmo.int/idurl/4/68500


agile ways. They also provide global broadband access and 
enhance Earth observation data distribution, offering easier 
near real-time access to remote sensing data received from 
satellites. However, the growing number of objects in space has 
also led to an increase in space debris, which can threaten to 
impair or destroy other spacecraft in orbit (UNOOSA and ESA, 
2023). Additionally, research indicates that the use of laser 
communication can significantly improve the speed of data 
transfers between satellites and ground-based infrastructure, 
making access to imagery data faster and easier (Marbel et 
al.,  2022). Edge computing is also increasingly being used to 
process data directly on the satellite, rather than transmitting 
raw data to Earth for analysis, which can provide faster insights 
for decision‑making (Leyva‑Mayorga et al., 2023). 
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industry. Additionally, launching and maintaining satellites 
remains prohibitively expensive for many nations and 
organizations, despite the rise of SmallSat constellations and 
commercial Earth observation companies. Funding limitations 
also hinder access to data, despite negotiation efforts by the 
United Nations to reduce the cost of satellite data.

Finally, challenges remain in establishing and implementing 
international frameworks for space-based Earth observations. 
While progress has been made in establishing global data sharing 
regulations, geopolitical tensions can influence the willingness 
of nations to share crucial Earth observations and information, 
hindering international collaboration and data access (Harris 
and Baumann, 2021). Additionally, in the context of the growing 
number of objects and actors in space, further collaboration is 
needed to strengthen governance frameworks to ensure the safe 
and sustainable use of space in support of global goals.

Looking ahead: the future of space-based  
Earth observations

Moving forward, a multifaceted approach is needed to enhance 
the quality, coverage, quantity and accessibility of space‑based 
Earth observations and data, particularly in lower-income 
countries. Improving the quality of satellite data can be achieved 
through rigorous calibration and validation with ground-based 
observations, which will reduce uncertainties and improve 
the accuracy of climate models and disaster assessments, for 
example (Yamamoto et al., 2010). Additionally, data accessibility 
can be enhanced through new technologies and international 
initiatives. For example, Earth observation data and related 
services are increasingly moving to “the cloud”, which provides 
on-demand availability of computing resources from various 
locations globally. Utilizing the cloud can enhance data storage, 
processing and accessibility, therefore reducing costs and 
facilitating rapid data dissemination. However, accessibility 
barriers still remain in lower-income countries where Internet 
access is challenging. Innovative financing models, public–private 
partnership and increased investments can address funding 
limitations, help reduce costs, scale up the use of tools and 
enable research into novel observation methods, which can 
open new frontiers in Earth observations and data (Salcedo‑Sanz 
et al., 2020).

Finally, stronger international collaboration is important to 
promote open data sharing as well as capacity building, training 
and technology transfer, which can empower countries to 
process and analyze satellite data for climate action and disaster 
risk reduction. Collaboration is also essential to establish 
clear regulations on issues such as data sharing, security and 
space debris, for example, and to promote comprehensive 
governance frameworks, such as the WMO Integrated Global 
Observing System, which addresses observations needs for 
weather, climate, water and related environmental services 
(Vision for WIGOS in 2040 (WMO‑No. 1243)). As a result, advances 
in space-based Earth observations can be optimized to foster 
peaceful and sustainable benefits for all.
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Gaps and challenges 

Despite scientific advancements and expanding investments in 
new space technologies, gaps remain in accurately measuring 
critical ocean, climate, aerosol and hydrological variables and 
in covering sparsely observed areas such as the cryosphere. 
Additionally, data accessibility and standardization pose 
significant challenges, particularly for lower‑income countries 
that lack the infrastructure, resources and expertise to 
effectively utilize space‑based data (Macphail, 2009). Moreover, 
the differences in data formats and collection methods 
create interoperability issues, complicating the integration 
of data from various sources. Additionally, high data quality 
and ground-truthing are needed to increase the accuracy of 
satellite data, which require calibration and validation through 
ground‑based observations (Militino, et al., 2018), which are 
often limited in remote regions and in low-income areas, 
leading to inconsistencies and uncertainties in satellite-derived 
information.

Technological and funding limitations are also significant barriers 
(Andries et al., 2019). Many satellites still rely on traditional data 
transmission methods because new technological solutions are 
not fully operational or cost-effective, especially in lower-income 
countries. These traditional methods can lead to delays in 
data transmission processing, where timeliness is essential, 
particularly for nowcasting services supporting early warning 
systems. They are also increasingly at risk due to the growing 
demand for radio frequencies by the telecommunications 

https://library.wmo.int/idurl/4/57028


Immersive technologies such as digital 
twins, virtual reality and the metaverse can 
revolutionize land and water management by 
enabling interactive and data-driven solutions 
that bridge the physical and digital worlds, 
enhancing decision-making and the engagement 
of diverse actors.
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Key messages
• Socioeconomic impacts and climate change are straining water and land resources, threatening food and water security 

and highlighting the need for integrated water and land management to support sustainable development and climate 
action. 

• Immersive technologies such as digital twins, virtual reality and the metaverse can revolutionize land and water 
management by offering immersive, interactive and data-driven solutions that bridge the physical and digital worlds  
to enhance decision-making and the engagement of diverse actors.

• International cooperation, knowledge sharing and robust multilateral frameworks are crucial for adopting these 
innovative solutions to better manage land and water resources and ensure a sustainable and equitable future.

Introduction

Since the beginning of time, land has served as the foundation 
for human settlements and water has shaped the Earth’s 
surface, playing a major role in the rise and fall of civilizations 
(Roberts et al., 1998; DGB Group, 2023; Pacific Institute, 2023).
Today, population growth, complex socioeconomic impacts 
and a changing climate have put immense pressure on both 
water and land resources, leading to widespread degradation 
that threatens society. For example, flood hazards are 
increasingly exacerbated by land degradation and poor 
water management, resulting in heightened vulnerability 
for communities, especially in rural areas. Additionally, 
current research suggests a close relationship between areas 
experiencing significant water and land degradation and areas 
troubled by high levels of rural poverty and malnutrition, 
threatening sustainable development. As a result, integrating 
water and land management is crucial to achieving the 2030 
Agenda for Sustainable Development.  

Recognizing the growing land and water degradation crisis, 
this chapter highlights the promise of emerging technologies, 
including digital twins, the metaverse and virtual reality 
(VR). These technologies offer immersive, interactive and 
data-driven solutions, enhancing our understanding and 
management of complex processes that govern water and 
land resources. From simulating flood and drought events 
to predicting water flow and accumulation, as well as land 
degradation, digital twins and immersive technologies can 
drive innovation and solutions. However, challenges such as 
limitations in data availability, quality and interoperability as 
well as gaps in funding and legal and regulatory frameworks 
must be overcome for these technologies to reach their full 
potential. Through international collaboration, engagement 
with diverse actors and data collection and standardization 
initiatives, we can advance efforts to incorporate the use of digital 
twins and immersive technologies to address global challenges. 

A growing crisis: the water and food nexus 
threatened by land and water degradation

Water and land resources management are at the heart of 
socioeconomic development. The interconnected issues of 
surface and groundwater depletion and land degradation  
can impede efforts to achieve the Sustainable Development  

 
 
 
Goals (SDGs). For example, agriculture accounts for nearly 
70% of consumption of freshwater resources, with this 
percentage increasing to 90% in low‑income countries (Fujs 
and Kashiwase, 2023). In many countries, however, agriculture 
employs unsustainable water usage practices and remains one 
of the largest polluters of both groundwater and surface water. 
Additionally, sectoral interests have dominated water resource 
allocation for decades without proper consideration of the 
impacts downstream or the need to sustain water resources. 
In addition, the use of improper practices can displace soils, 
leading to erosion, which reduces the depth, nutrient content 
and water-retaining capacity of soils. Unchecked erosion 
can transform productive agricultural areas into barren 
wasteland and cause severe downstream impacts such as 
polluted drinking water, silt‑filled rivers and irrigation canals 
and degraded coastal ecosystems, and increasing the risk of 
landslides (Jinendradasa, 2002).

Land degradation and climate change are also deeply 
intertwined. For example, land degradation reduces the Earth’s 
capacity to sequester carbon, as healthy soils and vegetation 
can act as carbon sinks. Additionally, when land is degraded 
through deforestation or erosion, stored carbon is released into 
the atmosphere, increasing CO2 levels. The loss of vegetative 
cover also disrupts the climate system by altering the albedo 
of land surfaces, or the amount of sunlight they reflect, which 
has an impact on temperature regulation. Climate extremes 
exacerbate these problems, and management of both land 
and water resources globally, including in developed and 
least-developed countries, is a serious governance challenge. 
Furthermore, for basins that cross national borders, water 
management decisions made upstream can have trickle-down 
impacts that threaten peace and global security.

The promise of emerging technologies:  
metaverse, digital twins and virtual reality  

Throughout history, technologies such as water-capturing 
cisterns, aqueducts and dams, as well as advances in land‑use 
practices, such as conservation tillage and crop rotation, have 
helped communities access and manage water resources and 
mitigate land degradation. Today, as the pressure on water 
resources and land grows, there is an increasing interest in 
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leveraging new technologies to collect and digest observations 
and to visualize different scenarios. While technologies such as 
AI, drones and the Internet of Things (IoT) have been gaining 
popularity, a new set of technologies leveraging digital twins 
and the metaverse is emerging that creates highly detailed, 
interactive digital replicas of real-world environments. 

Digital twins are defined as a virtual representation designed 
to accurately reflect a physical object or system (What Is 
a Digital Twin?). The metaverse, on the other hand, is an 
integrative ecosystem of virtual worlds that provides immersive 
experiences, creating new value from economic, environmental, 
social and cultural perspectives (ITU FG‑MV, 2023). Digital twins 
are essentially the building blocks of the metaverse, enabling 
us to visualize different scenarios and enhancing the immersive 
experience for users.

Digital twins have been in existence for several decades. The 
United States National Aeronautics and Space Administration 
(NASA) was one of the initial pioneers of digital twin technology, 
creating replicas of spacecraft on Earth for study and simulation 
by flight crews during the 1960s space exploration missions 
(Allen, 2021). However, it is only more recently that they have 
gained traction across the weather, climate, water and related 
environmental domains, including land and water resources 
management.

One example is a project spearheaded by the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) that 
will develop methods to predict interactions between land and 
torrential surface water flows for the Beetaloo sub‑basin in 
Australia (Huth et al., 2023). The goal is to protect surface water 
and vegetation while mitigating soil erosion and damage. Using 
high-resolution aerial photography, billions of data points were 
captured, which allowed for precise geolocation and the creation 
of an accurate three‑dimensional (3D) digital model of the area. 
Such high-resolution models help landowners and companies 
to identify areas that are at high risk of erosion and to address 
this issue before any major damage occurs. Typically, areas with 
low levels of grass cover as a result of cattle grazing or poor soil 
health are at a higher risk of erosion. This digital twin enables 
researchers to use modelling software to visualize where rainfall 
collects into runoff streams and calculate upstream catchment 
areas. When these models are overlaid onto high-resolution maps, 
they provide clear visualizations of water flow and accumulation 
in the landscape, helping to identify areas that are susceptible to 
erosion and, thereby, help resolve the issue in advance.  

Another example is the development of a comprehensive digital 
twin of all river basins across the Republic of Korea by 2026 
(Figure 1). The Ministry of Environment is leading this project, 
which leverages high‑resolution 3D spatial information and 
real-time monitoring of dams and basins to create accurate 
simulations of flood response operations. The digital twin will 
allow users to visualize flood depths and extents under various 
scenarios, providing critical information to local residents 
for timely evacuation and accurate damage assessment for 
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compensation. Furthermore, digital twins have also been 
created for existing dams. These digital models enable dam 
operators to digitally assess structural damages or leaks that 
are not easily visible, significantly enhancing flood prevention 
and forecasting capabilities. Complementing the digital twin 
system is an advanced AI system that utilizes data collected 
from numerous sensors deployed across the river basins to help 
predict potential flood events, thereby improving overall flood 
management and response.

Figure 1. An example of flood forecasting using a digital twin in the 
Republic of Korea. Source: Han River Flood Control Office, Ministry 
of Environment, Republic of Korea
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Regarding immersive technologies like the metaverse and 
VR, the integration of complex and specific hydrological data 
presents significant technical challenges. As a result, most 
efforts to date have focused around creating interactive, 
educational simulations to educate diverse actors in water 
resources management. For example, Malaysia recently 
studied flood preparedness among higher education students 
using a metaverse environment (Sa don et al., 2023). These 
studies demonstrated that immersive tools help users better 
understand flood risk concepts, which can be difficult to grasp for 
those who have not experienced a flood event firsthand. Unlike 
traditional tabletop exercises, VR can be used to effectively 
communicate the severity of the situation and raise awareness 
on flood‑related hazards and their impacts. In recent years, 
VR and simulation technologies have been used more widely 
to enhance disaster preparedness and response, aligning with 
the Sendai Framework’s objective to support the development 
of user-friendly systems for sharing information on effective 
practices (Alizadeh et al., 2023; Hsu and Gourbesville, 2023). 

The future, however, likely will not be dominated by a single 
technology such as digital twins or the metaverse but instead 
will see the integration of multiple technologies. Combining 
different technological advancements will be key to driving 
innovation and addressing complex challenges. For instance, 
Tampere, a city in Finland, has unveiled a Metaverse Vision 2040 
that will leverage several advanced technologies (Figure  2). It 
explores how a metaverse environment, integrating technologies 
like AI, digital twins and virtual realities, can enhance urban 
governance, sustainability, equality and the well‑being of its 

https://www.ibm.com/topics/what-is-a-digital-twin
https://www.ibm.com/topics/what-is-a-digital-twin


citizens. The vision illustrates future scenarios where AI and 
the metaverse facilitate personalized services and participatory 
governance. 

Gaps and challenges  

Although these technologies greatly enhance our ability to 
manage land and water resources, several gaps and challenges 
remain (Botai et al., 2023). Notably, limitations in data 
availability and quality, particularly in remote and rural areas, 
hinder the effectiveness of these technologies. Additionally, 
inadequate data interoperability when dealing with data 
formats from different sources and integrating them with 
existing systems, tools and platforms that are used by diverse 
actors can pose a significant challenge. It is also necessary 
to ensure that sufficient digital infrastructure is in place and 
training and capacity building are provided when transitioning 
to these technologies.

Access to sustainable funding mechanisms and effective 
governance frameworks is lacking, while public trust and 
understanding require improvement. Moreover, existing 
legal and regulatory frameworks need to be adapted to 
accommodate the use of these technologies in transboundary 
contexts, addressing concerns such as data sharing, ownership, 
decision-making, liability and intellectual property rights. 
Putting in place strong policies covering data governance, 
standardization, education and public awareness is crucial 
while adopting these technologies (Amarnath, 2024).

Looking ahead: the future of digital twins,  
virtual reality and the metaverse  

As we look to the future, it is crucial to understand the added 
value and limitations of emerging technologies before investing 
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in and relying on them for land and water management.  
As a result, a multifaceted approach is necessary to ensure the 
seamless adoption of these technologies. Governments and 
organizations, including international organizations, academia 
and the private sector, should invest in comprehensive data 
collection initiatives to improve the availability of high‑quality 
data. Additionally, standardization efforts can help resolve 
issues related to data interoperability and integration across 
platforms and systems (ITU, 2024).

Transparent communication strategies and educational 
campaigns are also essential to build public trust and 
understanding around the use of these technologies. As they 
evolve, fostering international cooperation and knowledge 
sharing becomes increasingly important, facilitating the 
adoption of best practices and innovative solutions. In this 
regard, the United Nations and its specialized agencies, such as 
WMO and the International Telecommunication Union (ITU), can 
advance efforts to incorporate the use of digital twins and the 
metaverse to address the SDGs, which was the focus of the First 
United Nations Virtual Worlds Day held in June 2024 (ITU, 2024).

The synergy between digital twins, VR and the metaverse has 
the potential to revolutionize how we interact with both virtual 
and physical worlds, providing comprehensive solutions for 
modelling, simulations, visualization and real-time interaction 
in decision‑making for land and water management. By 
embracing these emerging technologies within a robust 
multilateral framework, we can better manage land and water 
resources, ensuring a sustainable and equitable future for 
generations to come.

Figure 2. Schematic of a cognitive city. Source: Rantanen, 2023

United in Science 2024
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CHAPTER 5

Towards pathways to 
sustainable futures: the 
role of transdisciplinary 
approaches to weather, 
climate, water and related 
environmental and social 
sciences
Addressing complex global challenges such 
as climate change, disaster risk reduction and 
sustainable development requires an enhanced 
rethinking and reimagining of how diverse 
perspectives, knowledge and experiences can 
help us co-create knowledge and implement 
solutions through transdisciplinary approaches.

Authors: Irasema Alcántara-Ayala (Institute of Geography, 
National Autonomous University of Mexico), Coleen Vogel 
(Global Change Institute, University of the Witwatersrand, 
South Africa), Motoko Kotani (Tohoku University, Japan; ISC), 
Carla Mooney (Bureau of Meteorology, Australia), Mandira 
Singh Shrestha (International Centre for Integrated Mountain 
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Key messages
• Global challenges such as climate change, disaster risk reduction and sustainable development cannot be addressed  

by one form of knowledge alone – they require a transdisciplinary approach that unites actors across environmental, 
social and cultural contexts to co-create and implement solutions.

• When used appropriately, transdisciplinary approaches have the potential to boost the impact of perspectives offered 
by weather, climate, water and related environmental and social sciences by enabling diverse perspectives, knowledge 
and solutions.

• Enhanced philosophies of transdisciplinarity, including education and training, should be embraced and encouraged  
to prepare the next generation to address the challenges of the future.

Introduction

Global challenges such as poverty, hunger, inequality and 
environmental degradation are threatening sustainable 
development. In many cases, these compounding challenges 
are exacerbated by extreme weather events and the impacts 
of climate change, which disproportionately affect the world’s 
most vulnerable communities. Conventional approaches 
often address challenges by focusing on understanding the 
dimensions of natural and social sciences, policy and society 
separately. However, addressing complex global challenges 
such as climate change, disaster risk reduction and sustainable 
development requires an enhanced rethinking and reimagining 
of how diverse perspectives, knowledge and experiences can 
help us co-create and implement solutions. 

This chapter introduces the concept of transdisciplinarity 
and explores how a transdisciplinary approach can be 
applied in the context of weather, climate, water and related 
environmental and social sciences. This approach can help 
apply these sciences in local contexts and boost their impact 
to support achievement of global goals, including the Paris 
Agreement, Sendai Framework and 2030 Agenda for Sustainable 
Development. While gaps and challenges limit the full use and 
effectiveness of transdisciplinary approaches, opportunities are 
identified to enhance understanding, governance, collaboration 
and education to create enabling environments that foster 
transdisciplinarity moving forward. 

Understanding transdisciplinarity

A transdisciplinary approach brings together diverse actors, 
such as scientists, policymakers, practitioners and civil society, 
including local and Indigenous communities, to co-create 
knowledge and develop solutions that are relevant to local 
contexts. It differs from a multidisciplinary approach, where 
experts from different disciplines work on the same issue  
separately. It also differs from an interdisciplinary approach, 
where experts from various disciplines share methodologies 
and findings, resulting in better integration. A transdisciplinary 
approach goes a step further by requiring an enhanced 
understanding of the multiple ways of knowing and making 
sense of reality to collaborate to find solutions outside of their 
own discipline (Matsuura and Razak, 2019).

A transdisciplinary approach can be applied across the 
science–policy–society interface, including as a research 
method (Figure 1) or framework for policy or practice, for 
example. It involves collectively framing problems, co-creating 
solution-oriented knowledge, and integrating and applying 
this knowledge to address complex societal challenges (Klein, 
2001; Walter et al., 2007; Lang et al., 2012; Brandt et al., 2013; 
Bréthaut et al., 2019; Hoffmann et al., 2019; Norström et al., 2020; 
Bergmann et al., 2021; Kaiser and Gluckman, 2023). Throughout 
the process, participatory methods of engagement are often 
utilized to ensure the voices, experiences, views and values of 
actors are legitimized and included.

Towards pathways to sustainable futures: the role of transdisciplinary approaches to weather, climate, water and related environmental and social sciences
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Collective problem‑framing involves engaging with diverse 
actors to develop a shared contextual understanding of 
problems through the integration of various perspectives, 
worldviews and values (Brandt et al., 2013; Norström et al., 
2020). Throughout this process, power asymmetries between 
actors must be addressed to ensure their perspectives, 
cultural norms and values are included (Bréthaut et al., 
2019; Hoffmann et al., 2019; Barth et al., 2023). This shared 
understanding of the problem lays the foundation for the 
co-creation of solution-oriented knowledge, which may be 
achieved through participatory research or methods, such as 
citizen science. The knowledge produced during this process 
should be contextualized and grounded in local realities to 
ensure it can be effectively implemented to address complex 
challenges (Norström et al., 2020). 

A transdisciplinary approach to weather,  
climate, water and related environmental  
and social sciences

Weather, climate, water and other environmental systems 
are deeply interconnected across all aspects of society. 
Therefore, working together is essential because global 
challenges such as climate change, disaster risk reduction and 
sustainable development cannot be solved through one view 
point, understanding or discipline alone. Transdisciplinary 
approaches have the potential to amplify the impact of 
perspectives offered by weather, climate, water and related 
environmental and social sciences and services by enabling 
diverse actors to contribute their perspectives, knowledge and 
solutions in support of climate action. Increasing the diversity 
of actors makes it possible to accelerate political commitment 
and global efforts to address climate change (IPCC, 2023). 

For instance, engaging diverse actors from the beginning, 
including scientists, policymakers, practitioners and local 
and Indigenous communities, among others, contributes to 
the development of a contextual understanding of climate 
change impacts on the ground. In this process, it is essential to 
acknowledge that experience and knowledge outside the realm 
of weather, climate, water and related environmental and 
social sciences can contribute meaningful perspectives. These 
perspectives must be recognized, legitimized and included to 
develop a deeper and more complete understanding of climate 
impacts, vulnerabilities and adaptive capacities. 

Additionally, in some contexts, the use of participatory 
methods, such as citizen science, can support the co-production 
of knowledge for climate action by involving diverse actors 
in scientific research. In the context of weather, climate 
water and related environmental and social sciences, these 
methods have been used to identify and collect local data 
to enhance weather forecasts and climate predictions 
as well as to facilitate feedback from users to evaluate 
and verify these forecasts and predictions (WMO, 2023). 

Community participation not only improves science but 
also enhances local communities’ environmental awareness 
and resilience, leading to more inclusive and equitable 
outcomes (Paton and Buergelt, 2019). For example, in a study 
on climate change adaptation in France, a transdisciplinary 
approach was used to integrate scientific research with local 
knowledge through active stakeholder engagement, including 
policymakers, land managers and community members. 
This approach fostered a comprehensive understanding 
of climate challenges, resulting in a dynamic adaptation 
framework tailored to local needs. The outcome was a robust, 
adaptable model that addressed immediate environmental 
issues and provided a scalable solution for other mountain 
areas facing similar climate challenges (Tschanz et al., 2022).  
In another example, the Future Resilience for African CiTies And 
Lands (FRACTAL) project worked in several African countries 
using a transdisciplinary approach to better understand climate 
processes and the complex decision-making in governments 
and local communities through the use of Learning Labs, as 
highlighted in Box 1.

A transdisciplinary approach can also enhance trust in various 
actors and institutions and empower the use of weather, 
climate, water and related environmental and social sciences, 
and diverse knowledge, data and information to implement 
solutions for climate action across scales. For example, by 
embracing a transdisciplinary approach and engaging with 
diverse actors, NMHSs can build trust as authoritative voices 
on weather, climate and water. Considering diverse knowledge 
and perspectives outside of formal science can also strengthen 

Towards pathways to sustainable futures: the role of transdisciplinary approaches to weather, climate, water and related environmental and social sciences
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Figure 1. The fundamental stages of a transdisciplinary approach 
can be applied across the science–policy–society interface, 
including in the context of research as highlighted in this figure.  
Source: Irasema Alcántara
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Box 1. FRACTAL: a transdisciplinary approach  
in action

Through engagement with different actors, the Future 
Resilience for African CiTies And Lands (FRACTAL) project 
created opportunities for collaboration, revealed cultural 
and institutional insights and enhanced climate resilience, 
including in the urban and water sectors (Taylor et al., 2021; 
McClure et al., 2023). One element of this project was the 
establishment of Learning Labs, which involved engaging 
with various knowledge holders to identify and explore 
critical issues, such as how climate science can be better 
informed by various actors and shared more easily (Jack 
et al., 2021). For instance, instead of risk information being 
data and science heavy, a narrative approach that explains 
plausible scenarios supported with scientific, local and 
socioeconomic evidence proved to be more effective. 
As a result, various actors and decision makers across 

scales engaged with, questioned and co‑produced the 
climate science information they needed in their context. 
The FRACTAL City Learning Lab approach emphasizes the 
co‑production of knowledge and has significant benefits, 
allowing for a detailed examination of critical issues, 
strengthening actor relationships through a collaborative 
process and facilitating shared problem‑solving (Koele  
et al., 2019). Additionally, it has demonstrated effectiveness 
through success stories in Lusaka, Windhoek and Maputo. 
In the case of the Lusaka, the FRACTAL process and 
engagements were taken up in the city’s strategic planning, 
while in Maputo, the local municipality began working on a 
resilience hub, and Windhoek used the approach to assist in 
planning its Integrated Climate Change Strategy and Action 
(Vincent et al., 2021). 

Authors

Katinka Lund Waagsaether (katinka@csag.uct.ac.za);  
Alice McClure, Climate Systems Analysis Group, 

University of Cape Town

Aim of the project 

The aim of the Future Resilience for African Cities 
and Lands (FRACTAL) project is to: (i) advance scientific 
knowledge about regional climate responses to human 
activities such as burning fossil fuels, changing land 
surface cover etc.; and (ii) to work with decision-makers to 
integrate this scientific knowledge into climate-sensitive 
decisions at the city-regional scale, particularly for water-, 
energy- and food-related decisions with a lifetime of 5 to 
40 years. FRACTAL is designed to work across disciplines 
within the scientific community and foster strong 
collaboration between researchers, city government 
officials and other key decision-makers in southern Africa.

FRACTAL: Learning Labs, Dialogues and Embedded 
Researchers in Southern African Cities 

Aim of co-production: 

Processes and modalities for knowledge co-
production are an integral part of the FRACTAL 
project design, from the team structure 
through to the engagements in each city. In its 
most basic sense, knowledge co-production in 
FRACTAL can be defined as the combining of 
two or more different types of knowledge, skills 
and working practices by bringing together 
people who think and act in often very different 
ways in order to create new knowledge for 
addressing societal problems of shared concern 
and interest. The co-production approach is 
used to provide a mutual learning platform 
where capacity building can take place and the 
ethic of working together and collaboration for 
solving problems in cities is facilitated. 

Graphic representation of FRACTAL co-production process (Source: FRACTAL, 2016)

city learning
ongoing and iterative learning 
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making in southern African 
city-regions on water, energy, 
food and climate issueslearning labs

multi-stakeholder learning 
processes to co-explore and co-
produce knowledge on climate-
sensitive ‘burning issues’

climate
better understand southern 
Africa’s climate, its drivers 
and systematic impacts on 
city-regions

FUTURE RESILIENCE FOR AFRICAN CITIES AND LANDS (FRACTAL)
Growing Climate Knowledge for Action in Urban Africa

FUTURE RESILIENCE FOR AFRICAN CITIES AND LANDS
FRACTAL

92 CO-PRODUCTION IN AFRICAN WEATHER AND CLIMATE SERVICES 

these institutions and enhance their ability to provide crucial 
scientific information and services that underpin national 
climate and disaster risk reduction priorities and contribute to 
global goals, such as the Paris Agreement and Sendai Framework 
for Disaster Risk Reduction. Additionally, a transdisciplinary 
approach empowers actors across various contexts to 

collaborate and implement potential science-based solutions 
that may be informed by and resonate with local realities. As 
a result, climate action, sustainable development and disaster 
risk reduction initiatives are more effective, leading to stronger, 
more resilient communities in the face of evolving global 
challenges (Ismail‑Zadeh et al., 2017).  

Towards pathways to sustainable futures: the role of transdisciplinary approaches to weather, climate, water and related environmental and social sciences
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Figure 2. The FRACTAL approach to research is transdisciplinary, leading to useful outcomes that have a measureable impact. 
Source: FRACTAL project

https://www.fractal.org.za/research/#prettyPhoto
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Figure 2. Numerous challenges limit the full use, effectiveness and potential of transdisciplinarity. Source: Irasema Alcántara

Towards pathways to sustainable futures: the role of transdisciplinary approaches to weather, climate, water and related environmental and social sciences
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Gaps and challenges

Transdisciplinarity is an approach that holds huge potential 
to boost the impact of science, knowledge and understanding 
in support of actionable solutions. However, significant gaps 
and challenges (Figure 2) continue to limit the full use and 
effectiveness of this approach, particularly in the fields of 
weather, climate, water and related environmental and social 
sciences, which have traditionally remained siloed from other 
forms of knowledge, perspectives and disciplines, such as 
economic and political sciences. One particular challenge is 
that transdisciplinary is often misunderstood and confused with 
terms like interdisciplinary and multidisciplinary. This leads to 
inconsistent implementation of transdisciplinary approaches 
in practice across the science–policy–society interface. 
Additionally, gaps in transdisciplinarity-focused education, 
training and capacity building limit the understanding and 
effectiveness of this approach. 

Practical implementation of a transdisciplinary approach 
is also challenging and time consuming. Collaboration and 
communication with various actors are essential in effectively 
integrating perspectives, co-creating knowledge and 
implementing solutions. In the science community, institutional 
barriers and academic structures around disciplines hinder 
collaboration and funding that span disciplinary boundaries. 
Additionally, cultural and social norms pose challenges to 
effective collaboration and communication across diverse 
actors, systems of knowledge and disciplines, requiring 
significant time and resources to build trust and challenge 
power dynamics among the various actors engaged. 

Finally, ensuring the sustainability and legacy of 
transdisciplinary endeavours remains a persistent challenge, 
necessitating long-term engagement and comprehensive 
assessment frameworks to effectively evaluate societal 
impacts and outcomes (Pohl and Hirsch Hadorn, 2008; Pohl, 
2011). Additionally, significant resources are needed to scale 
up successful initiatives in order to apply them in diverse 
contexts. Overcoming these multifaceted challenges is crucial 
for advancing transdisciplinary approaches to address 
complex societal and environmental issues now and in the 
future. 

Looking ahead: a transdisciplinary path forward

Solving complex global challenges, such as climate change, 
disaster risk reduction and sustainable development, will require 
inclusive collaboration across diverse systems of knowledge 
to co-create sustainable solutions and help communities 
thrive (Matsumoto et al., 2022). Transdisciplinary approaches, 
particularly when applied across weather, climate, water 
and related environmental and social sciences, can enhance 
the coherence and impact of international agendas focused 
on disaster risk reduction, climate change and sustainable 
development (Bendito and Barrios, 2016). However, moving 
forward, governance, partnerships, education and training must 
be enhanced to improve the effectiveness of transdisciplinary 
approaches that embrace diverse ways of knowing and valuing 
the world.

Strong governance and institutions at all levels are crucial for 
creating enabling environments that foster transdisciplinarity. 
Support through funding and policy frameworks can strengthen 
transdisciplinary research and practice while also building 
a culture of trust and respect that will foster collaboration 
across actors and institutions. For example, research funding 
programmes implemented by the International Science 
Council, including Transformations to Sustainability and 
Leading Integrated Research for Agenda 2030 in Africa, 
provide important insights and lessons learned on advancing 
transdisciplinary approaches and creating enabling 
environments (ISC, 2023; Paulavets et al., 2023; Moser, 2024; 
Mukute et al., 2024). Additionally, fostering formal partnerships 
and global networks between governments, universities and 
civil society organizations, among other interested actors, will 
drive innovation, foster knowledge exchange, facilitate access 
to resources and accelerate the dissemination of best practices 
(Bharwani et al., 2023). Finally, moving forward, it will be crucial 
to prepare the next generation to address the challenges of 
the future. Transdisciplinary education and training should 
be embraced and encouraged along with hands-on learning 
opportunities and mentorship programmes to provide practical 
skills to foster a community of transdisciplinary thinkers across 
the science–policy–society interface.
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CHAPTER 6 

A future where everyone 
is protected by life-saving 
early warning systems
Advancements in natural and social sciences, 
technological breakthroughs and transdisciplinary 
approaches, alongside robust partnerships, 
adequate resources and enhanced capacities, 
underpin effective multi-hazard early warning 
systems and support the Early Warnings for All 
initiative.
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Key messages
• Countries with limited to moderate multi-hazard early warning system (MHEWS) coverage have a disaster-related 

mortality ratio nearly six times higher than those with substantial to comprehensive coverage. 

• Innovation in science, technology and tools such as artificial intelligence (AI), multi-channel and digital communication 
platforms, and citizen science enable game-changing advancements to support the Early Warnings for All (EW4All) 
initiative.

• Leveraging innovation across the natural and social sciences, alongside robust partnerships, adequate resources  
and enhanced capacities can help achieve EW4All and safeguard sustainable development gains.

Introduction

Multi‑hazard early warning systems (MHEWS) are critical for 
mitigating the adverse effects of hazardous weather events, 
which are becoming more frequent and severe, in part due to 
climate change. The Early Warnings for All (EW4All) initiative 
is a groundbreaking effort launched by the United Nations 
Secretary-General that aims to ensure everyone on Earth is 
protected from hazardous weather, water or climate events 
through life‑saving early warning systems by the end of 2027. 
EW4All supports national efforts on adaptation, minimizing 
losses and damages, and building resilience. Additionally, as 
part of the United Nations Secretary‑General’s Climate Action 
Acceleration Agenda, the initiative contributes to delivering 
climate justice to those at the frontlines of climate change and 
aligns with global goals, including the Paris Agreement, the 
Sendai Framework for Disaster Risk Reduction and the 2030 
Agenda for Sustainable Development. 

As highlighted throughout this report, natural and social 
sciences, technological advances and transdisciplinary 
approaches underpin effective MHEWS. Advancements in AI, 
space-based Earth observations and immersive technologies 
can contribute to this critical initiative by advancing weather 
forecasting, contextualizing and communicating complex 
information for decision-making and creating interactive, 
educational simulations to visualize different hazard scenarios 
and potential impacts to support anticipatory action. 
Additionally, transdisciplinary approaches that embrace 
diverse perspectives, knowledge and experiences, including 
participatory methods such as citizen science, can enhance 
the effectiveness of MHEWS through the co‑development of 
knowledge and solutions that are relevant to local contexts.  
 
Hence, EW4All exemplifies how integrating global efforts  
can transform a collection of disparate parts into a cohesive 
and comprehensive system while also fostering innovation 
to protect lives, livelihoods and the environment from the 
increasing threats posed by natural hazards

The urgent need for global multi-hazard  
early warning systems

Countries across the world are already feeling the impacts of 
climate change, underscoring the urgent need to close critical 
gaps in MHEWS to protect lives, livelihoods and the environment. 
Evidence shows that countries with limited to moderate MHEWS 
coverage have a disaster-related mortality ratio nearly six times 
higher than those with substantial to comprehensive coverage. 

Progress has been made in enhancing country capacities 
and coverage of MHEWS, with more than half of the world’s 
countries now reporting having MHEWS. According to the report 
on the Global Status of Multi-Hazard Early Warning Systems 
(WMO and UNDRR, 2023), 101 countries, or 52% of all countries 
globally, have reported the existence of MHEWS – an increase 
from the 2022 report and a doubling from the 2015 baseline 
(Figure 1). In particular, Arab States and countries in Asia and 
the Pacific, Europe and Central Asia have reported a significant 
increase in MHEWS coverage. However, while there has been 
progress across many regions, some still face significant gaps in 
coverage, including in Africa, the Americas and the Caribbean. 
Additionally, progress in least developed countries (LDCs) and 
small island developing States (SIDS) remains low, with less 
than 50% reporting MHEWS coverage. 

Game changing science, technology  
and innovation for Early Warnings for All

End‑to‑end, people‑centred MHEWS are built around four 
interconnected pillars that create a value cycle as shown in 
Figure  2. Science, technology and innovation underpin all 
pillars of an end‑to‑end MHEWS, from informing disaster risk 
knowledge to advancing observations, monitoring, analysis 
and forecasting, and enabling warning dissemination and 
anticipatory action. For example, satellite imagery and AI can 
aid in collating and standardizing data, while multi-channel 
and digital communication platforms provide effective 
dissemination of warnings. In particular, natural and social 
sciences and technological breakthroughs can provide 
game-changing advancements to support the EW4All initiative 
in several key areas, including strategic risk communication, 
impact‑based forecasting and warning, Common Alerting 
Protocol (CAP) and anticipatory action, as highlighted in Figure 3. 

A future where everyone is protected by life-saving early warning systems
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Strategic risk communication requires collecting, aggregating, 
processing and distilling information on vulnerability, hazards 
and exposure. This information must be timely, accurate, 
understandable and conducive to action. Technological 
tools such as data aggregation platforms (that is, geographic 
information systems (GIS)) enable the visualization of data. 
Additionally, immersive technologies such as virtual reality 
are enhancing disaster risk knowledge and strategic risk 
communication by helping actors understand flood risk 
concepts, which can be difficult to grasp for those who have not 
experienced a flood event firsthand. Rapid advances in AI and ML 
can be used to process large volumes of raw satellite imagery to 
create standardized baseline data on exposure, such as data on 
built‑up areas and population. For example, ML‑based mapping 
was used in Belize to provide updated estimates of the status 
of the country’s major coastal and marine ecosystems. This 
not only provided key insights for improving risk knowledge, 
but also informed the National Adaptation Plan of Belize (GEO, 
2023).

Impact-based forecasting and warning integrates traditional 
forecasting of physical hydrometeorological hazards and 
understanding of societal exposure and vulnerability to those 
hazards to inform decision-making and enable action to 
reduce impacts to society and ensure sustainable development 
(Golding, 2022). Scientific and technological advances, including 
AI and space-based Earth observations, have revolutionized 
weather models, improving their resolution, accuracy and 
relevance. For example, in Indonesia, the meteorological and 
disaster management agencies jointly developed a system 
called Signature with various models for weather prediction 
and analysis to produce and calibrate impact-based forecasts 
for different hydrometeorological hazards (BMKG, 2024). 
Additionally, surface-based weather and climate observations 
are crucial to continuously monitor weather conditions and 
provide historical and real-time data to inform impact-based 
forecasting. In Uganda, for example, ground observation data, 
as well as satellite-based data, were used to analyze historical 
drought-induced crop failures, which enabled the government 
to establish a predetermined hazard threshold value to trigger 

disaster risk finance for anticipatory action (Nakalembe and 
Kotani, 2022). 

CAP was developed to standardize alert communications across 
diverse platforms and systems to ensure critical information 
is disseminated in a timely, accurate and consistent format. 
Technological advances such as multi-channel alert distribution 
have improved warning dissemination and communication 
by using multiple channels, such as cell broadcast, location-
based SMS, email, social media and sirens. Using multiple 
channels ensures that alerts reach diverse audiences and 
cater to their specific needs. Additionally, interoperable 
communication platforms can facilitate seamless communication 
between different systems and agencies, such as national 
hydrometeorological and emergency response agencies. 
Regardless of the technologies used, it is crucial for alerting 
systems to be unified and adhere to CAP for standardized 
communication. 

Anticipatory action is defined as a set of actions taken to prevent 
or mitigate potential disaster impacts before a shock or before 
acute impacts are felt (IFRC, 2022). These actions are based on 
risk knowledge, forecast-based triggers and effective warning 
dissemination and communication in relation to the specific 
hazard at hand across institutions and individuals. Scenario 
analysis uses tools, such as GIS or virtual reality, to simulate and 
visualize different hazard scenarios and their potential impacts, 
aiding in planning and decision-making for anticipatory action. 
Another tool that can support anticipatory action is citizen 
science, which is a transdisciplinary participatory engagement 
method that involves diverse actors in the co-production 
of knowledge and implementation of anticipatory solutions 
in local contexts. An example is the use of mobile apps that 
allow citizens to report early signs of hazards (such as rising 
water levels or weather patterns), providing real‑time data to 
authorities. Additionally, data platforms that allow community 
members to contribute local observations and knowledge 
can be leveraged to enrich official datasets, which underpin 
anticipatory action. 

Figure 1. Cumulative number of countries 
reporting the existence of MHEWS.  
Source: WMO and UNDRR, 2023
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Figure 2. A people-centred, end-to-end MHEWS is built 
around four interconnected pillars: (1) disaster risk 
knowledge, (2) observations, monitoring, analysis 
and forecasting,  (3) warning dissemination and 
communication, and (4) preparedness and response 
capabilities.

Figure 3. Key areas where natural and social sciences and technological breakthroughs can provide game-changing advancements to support 
the EW4All initiative.

→ Strategic risk communication  
Citizen reporting tools: Develop mobile apps that allow 
citizens to report early signs of hazards, such as rising 
water levels and unusual weather patterns, and provide 
real-time data to authorities.

AI and ML: Employ AI to process large datasets and distill 
them into actionable insights.  

 

→ Common Alerting Protocol   
Unified alerting systems: Develop systems that adhere 
to the Common Alerting Protocol (CAP) for standardized 
communication.  

Multi-channel alert distribution: Use multiple channels 
(cell‑broadcast, SMS, email, social media, sirens) to 
ensure alerts reach diverse actors.  

Interoperable communication platforms: Implement 
platforms that facilitate seamless communication 
between different agencies and systems.

→ Anticipatory action  
Citizen reporting tools: Use mobile apps that allow 
citizens to report early signs of hazards (for example, 
rising water levels, unusual weather patterns), providing 
real-time data to authorities.  

Community-based data collection: Leverage platforms 
where community members can contribute local 
observations and experiences to enrich official datasets.  

Scenario analysis: Use GIS tools to simulate and visualize 
different hazard scenarios and their potential impacts, 
aiding in planning and decision-making.  

→ Impact-based forecasting and warning   
Advanced weather modelling: Implement high-resolution 
weather models that incorporate hazard, vulnerability 
and exposure data.  

AI predictive analytics: Use AI-driven predictive analytics 
to improve the accuracy and relevance of forecasts.  

Remote sensing: Employ satellite imagery and 
remote sensing technology to monitor and predict 
environmental changes and hazards.  

Automated weather stations: Deploy automated stations 
in remote areas to continuously monitor weather 
conditions and provide data for anticipatory actions.
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Box 1. Leveraging artificial intelligence  
for disaster connectivity mapping

The International Telecommunication Union (ITU) is 
spearheading the development of an AI-powered advanced 
visualization tool that will improve the assessment 
of subnational connectivity levels during and after 
disasters, facilitating more effective communication in 
high-risk areas. Launched in 2020 with the United Nations 
Emergency Telecommunications Cluster and the GSM 
Association (GSMA), the Disaster Connectivity Map has 
been activated over 50 times in more than 30 countries, 
aiding first responders, United Nations agencies and 
governments by providing near real-time information 
on communication network status (ITU, 2024a). The tool 
utilizes AI to rapidly analyze satellite imagery and generate 
high-resolution, time-enabled population density maps. 
It also processes and visualizes connectivity data, offering 
both historical baselines and real-time performance maps. 
The tool plays a key role supporting EW4All by identifying 
gaps in telecommunication coverage and assessing which 
messaging channels (fixed broadband, 2G SMS, 3G+, etc.) 
are available for disseminating early warning notifications. 
By quantifying the offline population – those unable to 
receive emergency alerts due to lack of network coverage 
– the tool helps determine the reach and effectiveness of 
early warning systems before and after disasters. Initial 
piloting is underway in Fiji, Tonga and Vanuatu, with plans 
to expand to additional countries involved in EW4All to 
enhance disaster response and connectivity resilience 
globally (ITU, 2024b). 

Gaps and challenges

Despite advances in science and technology and the incredible 
potential of MHEWS to save lives, minimize losses and damages 
and safeguard sustainable development gains, gaps and 
challenges hinder the full achievement of comprehensive 
MHEWS. For example, a significant barrier is insufficient disaster 
risk information, including information on historical losses and 
damages and on trends in hazardous events, and predictive 
capacity for hazards. There is an urgent need to improve risk 
knowledge across the world, especially in the Arab States and 
in LDCs to improve the effectiveness of MHEWS. Additionally, 
significant data gaps remain, resulting in inadequate 
observation, monitoring and forecasting. Surface and upper 
air meteorological observation data are an essential input to 
computer models predicting the future state of the atmosphere, 
which NMHSs rely on to forecast the location, intensity and 
likelihood of high‑impact weather events. Significant gaps in 
these essential data persist, however, across much of the African 
continent and parts of the Pacific (WMO and UNDRR, 2023). 

Despite advances in science and technology, especially 
connectivity technology, some communities and populations 
remain difficult to reach and support. Limited communication 
channels can present barriers in effectively reaching remote 
communities as well as vulnerable populations such as women, 
children, older persons and persons living with disabilities. 
Additionally, gaps in technical resources, human capacities and 
sustainable funding present challenges across all levels – from 
developing forecasting products to enabling anticipatory action 
and providing ad hoc funding to ensure community leaders 
have sufficient credit or data on their mobile phones to receive 
warnings by SMS or Internet (WMO and UNDRR, 2023).

Looking ahead: leveraging innovation  
for Early Warnings for All

Addressing the gaps and challenges in MHEWS requires a 
multifaceted approach that leverages innovation across the 
natural and social sciences, alongside robust partnerships, 
adequate resources and enhanced capacities. Enhanced data 
collection and monitoring through advanced sensor networks, 
space‑based Earth observations and the Internet of Things (IoT) 
can improve weather forecasting of extreme and hazardous 
events. 

Additionally, risk knowledge is also improved through 
technology, with increasing opportunities for local actors to 
collect information from remote locations using drones and 
smartphone applications and quickly share it over mobile 
Internet. There are significant opportunities to leverage 
advances in science, technology and innovation for warning 
communication and dissemination, especially in terms of 
mobile networks and Internet connectivity, to reach remote 
and vulnerable communities. Additionally, fostering public 
understanding through educational campaigns, strengthening 
technical resources via capacity-building initiatives and 
employing cutting-edge technologies such as AI will create a 
more resilient and responsive system (WMO and UNDRR, 2023). 

Achieving these advancements necessitates strong  
public–private partnerships that bring together diverse actors, 
including governments, non-governmental organizations, 
private-sector entities, scientists and local communities. 
Adequate funding and investment are essential to support 
the development and maintenance of these systems, while 
capacity-building efforts are needed to ensure that all regions, 
particularly those most vulnerable, have the technical skills 
and infrastructure to implement and sustain MHEWS. The 
EW4All initiative exemplifies how integrating global efforts can 
transform disparate parts into a cohesive and comprehensive 
system and foster innovation to protect lives, livelihoods and 
the environment from the increasing threats posed by natural 
hazards.  
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