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PERSPECTIVE
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Abstract

Understanding how Antarctica is changing and how these changes influence the rest of the Earth is fundamental to the future robustness of human society. Strengthening our understanding of these changes and their implications requires dedicated, sustained and coordinated observations of key Antarctic indicators. The Troll Observing Network (TONe), now under development, is Norway’s contribution to the global need for sustained, coordinated, complementary and societally relevant observations from Antarctica. When fully implemented within the coming three years, TONe will be a state-of-the-art, multi-platform, multi-disciplinary observing network in data-sparse Dronning Maud Land. A critical part of the network is a data management system that will ensure broad, free access to all TONe data to the international research community.
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Antarctica—key to global change

Human societies are currently confronted with a wide range of interconnected and interacting challenges, as highlighted inter alia in the latest assessment from the Intergovernmental Panel on Climate Change (Shukla et al. 2022) and the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (Díaz et al. 2019). The consequences of the ongoing climate and environmental changes permeate numerous aspects of human existence, including food security, health risks, disrupted livelihoods and relocation needs. Understanding how the key climate and biodiversity drivers evolve, as well as implications of these changes, is crucial to enable mitigation and societal adaptation. Long-term observations enhance our understanding of the processes, provide an early warning system for potential disruptions and help the development of informed policies for societal development and environmental conservation.

Antarctica and the Southern Ocean play important roles in the ongoing change. Its physical and biological properties interlink with the rest of the Earth through atmospheric, cryospheric and oceanic connections and, as a result, impact climate, weather, ecosystems, ecosystem services, etc. well beyond the region. Chown et al. (2022) provide a summary of, and insight into, the key Antarctic global connectors. Understanding how Antarctica is changing and how these changes influence global changes is fundamental to future global societal robustness. Building and strengthening our understanding of these changes and implications require dedicated, sustained and coordinated observations of key Antarctic indicators.

Antarctica is a large continent, covering 14 million km2, or roughly one and a half times the area of Europe, the USA or China. An extensive observation and data-gathering effort is required across the entire Antarctic continent and its surrounding ocean to better inform research and modelling; vast areas of the continent lack any form of sustained observation system. Long-term observations from the continent are limited both in space and time and are unevenly distributed, mainly taking place near the almost 80 (seasonal and permanent) research stations, of which most are located on the Antarctic Peninsula or along the Antarctic coast. The Council of Operators and Managers of Antarctic Programs provides a simplified overview of the permanent observation capabilities associated with the existing research stations in its Antarctic Station Catalogue (COMNAP 2017).

Norway has a long presence in Antarctica, with Norwegian explorers and whalers contributing substantially to 19th- and 20th-century scientific explorations of the continent and its waters. Dedicated scientific investigations have been the key activity during the last half century, and Norway aims to maintain its active role in international scientific efforts to better understand Antarctica’s role in the Earth system. To support these efforts, Norway operates Troll RS in DML (20°W to 44°38’E; Fig. 1). Troll RS is one of six all-year stations in DML. While most of the other stations in DML are at or near the coast, Troll RS has a unique inland location on the slope of the Antarctic plateau. Norway is now planning to modernize Troll RS to provide a new, efficient and functional platform for researchers working at, or remotely from, the station. During this process, how to better utilize Troll RS for sustained observation efforts has been given careful consideration.

Fig. 1Troll RS is in an exceptional place: no other permanent station is further inland in DML or elsewhere on the slope of East Antarctica. The black dots represent year-round stations. Troll RS also facilitates access to key locations in the DML region and its coast. At and around Troll RS, TONe fills the observational void in this region.
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The Troll Observing Network (TONe)

TONe is the Norwegian response to the call for sustained, coordinated, complementary, geographically spread and societally relevant long-term observations from Antarctica. When fully implemented, TONe will be a state-of-the-art, multi-platform, multi-disciplinary observing network in data-sparse DML.

TONe is centred at Troll RS (Fig. 1), the location of which makes it excellent for studying processes in, and anthropogenic influences on, the Earth’s atmosphere and climate (Kallenborn et al. 2013), space weather phenomena over DML and inter-hemispheric asymmetries in ionosphere response to geomagnetic activity in the polar regions (Sato et al. 2015; Alfonsi et al. 2022). The low level of background noise renders it well suited for seismic monitoring (Schweitzer et al. 2014). The nearby coast of DML is an ideal location for ocean research because of its influence on Antarctica’s contribution to sea-level rise through ocean–ice-shelf interactions and the ocean system (Vernet et al. 2019), including the biological carbon pump in the Southern Ocean (Moreau et al. 2020). At nearby Svarthamaren, one of the world’s largest Antarctic petrel (Thalassoica antarctica) colonies has been monitored for the last 35 years and will continue to yield important insights into seabird biology, the health of the marine environment and the impact of climate change on ecology (Descamps et al. 2015; Descamps et al. 2023).

The TONe infrastructure comprises eight dedicated observatories that will enhance our understanding of climate, atmospheric and oceanic processes, the dynamics of the inland ice sheets and their influence on sea level and the marine ecosystems. It also establishes an RPAS as the first of several planned shared research infrastructure services, providing a cost-efficient manner to collect a wide variety of data over a significant portion of DML with a limited environmental footprint. A critical part of the network is a well-structured data management system that will ensure broad, free access to all TONe data to the wider research community (Fig. 2; Table 1).

Fig. 2TONe is a state-of-the-art, multiplatform, multidisciplinary observation network, consisting of eight distinct observatories, an RPAS service and a data management system that will provide wide and free access to the observational data.
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Table 1 Overview of the TONe observatories and services, their instruments, observations, owners and responsible researchers.


	Observatory or servicea
	Infrastructure owner (responsible researcher)
	Instruments and observed variables





	ICO
	NPI (Stephen Hudson)
	Year-round measurement programme; microwave radiometer, two lidar systems, cloud radar and weather balloons/radiosondes; measures cloud properties (temperature, height, thickness, density and particle size, shape and phase) and their impact on the surface energy balance.



	ACO
	NILU (Wenche Aas)
	Three new instruments: a Piccaro cavity ring-down spectrometer measuring CO2, CH4 and CO; a TSI aerosol particle sizer for larger particles (0.6 – 25 μm), a Pandora remote sensing spectrometer for vertical column of trace gases (O3, NO2, SO2 and formaldehyde).



	IO
	Univ. of Oslo (Wojciech Miloch)
	Digisonde-Portable-Sounder-4D (a digital ionosonde produced by Lowell Digisonde International), including multiple antennas (transmitter and receiver). The system measures electron density profiles, turbulent structures and their movement in the ionosphere.



	IA
	NORSAR (Johannes Schweitzer)
	An infrasound array consisting of nine sensors (co-located with the nine SA sites) measuring low-frequency sound signals from events in the atmosphere and the ice.



	SA
	NORSAR (Johannes Schweitzer)
	A seismic array consisting of 10 sensors at nine locations will provide information on seismic activity in DML, throughout Antarctica and the whole globe. It estimates amplitude, frequency, velocity and direction of seismic signals caused by earthquakes, icequakes, explosions, etc.



	FIO
	NPI (Tore Hattermann)
	For time series of ice-shelf mass balance and warm-water inflow, instrumentation at two locations will measure currents, temperature and salinity in the water column beneath the ice shelf, turbulence in the ice-shelf–ocean boundary layer, sound sources for future glider campaigns under the ice and melt rate.



	MOMO
	NPI and Univ. of Bergen (Tore Hattermann and Elin Darelius)
	Instrumented ocean moorings over the continental shelf at 6°E for measuring temperature, salinity, currents, ice thickness, oxygen, carbon dioxide, chlorophyll-a, echo soundings and passive acoustics. Navigational instruments for under-ice gliders.



	SMO
	NPI (Sébastien Descamps)
	Automated monitoring using time-lapse camera to provide information about colony size, breeding phenology and breeding success. These observations will be complemented with regional studies from RPAS.



	RPAS
	NORCE and NPI (Rune Storvold and Stig Flått)
	Two large fixed-wing aircraft, with VHF radar system, GHz UWB radar, aerial camera, meteorological sensors and a hyperspectral imager. Encrypted communication system with high bandwidth for line-of-sight transmissions up to 200 km, in addition to satellite communication beyond this. Flight endurance of 10 hours, providing a range of 1000 to 1500 km.



	DATA
	NPI (Stein Tronstad)
	At Troll RS, data are stored on two servers in a cluster, to ensure maximum uptime and secure storage. Via the local station network, they will communicate with the observatories to collect data. Data from observatories that are not connected to the local network will be manually transferred to the server when researchers return from the field.



	a ICO: Integrated Cloud Observatory; ACO: Atmospheric Composition Observatory; IO: Ionosphere Observatory; IA: Infrasound Array; SA: Seismic Array; FIO: Fimbulisen Ice Shelf Observatory; MOMO: Multidisciplinary Ocean Moored Observatory; SMO: Seabird Monitoring Observatory; RPAS: Remotely Piloted Aircraft System service.





The observing network in detail

TONe is financed through the Research Council of Norway’s Funding for Research Infrastructure of National Importance, which aims to give the Norwegian research community and business sector access to relevant, up-to-date infrastructure that facilitates high-quality research for an innovative, sustainable society.

The NPI is responsible for coordinating the establishment of the TONe infrastructure, while the University of Oslo, the University of Bergen, the climate and environmental research institute NILU, the seismology research institute NORSAR and the Norwegian Research Centre NORCE are Norwegian partners and co-owners (with the NPI) of the infrastructure and will be responsible for its future operation. The British Antarctic Survey, the University of Leeds, Washington State University and the University of Kansas Center for Research, Inc. contribute expertise in specific fields and provide in-kind instrumentation to supplement the infrastructure financed by the Research Council of Norway.

Implementing TONe will take five years, and the full infrastructure is expected to be established and ready for use from 2027.

Troll RS was established in 1989 and upgraded to a year-round station in 2005. The station accommodates an overwintering team of six and up to 50 staff and scientists during the Antarctic summer. People and light cargo are transported to Troll RS by planes, which land on a blue-ice airfield 7 km from the station. Normally, there are one or two intercontinental flights per month during the summer months of November–February. Heavier cargo is transported by ship to the ice edge and thence by tracked vehicles to the station, about 200 km inland. The size of the main station building is currently about 500 m2. There are several additional support and living buildings separated from the main building.

The Ionosphere Observatory (IO)

IO focuses on studies of the upper atmosphere, which is partially ionized (i.e., includes free electrons and ions) and which in the polar regions is directly coupled to the near-Earth space environment. This magnetosphere–ionosphere–thermosphere coupling is complex. It often results in strong flows in the upper polar atmosphere and leads to the development of instabilities and turbulence and consequently to irregularities at various scales in the ionospheric plasma density. In the polar regions, this coupling is also characterized by precipitation of energetic particles from the solar wind and magnetosphere down to the upper atmosphere. The aurora australis (Southern Lights) is a visual manifestation of these interactions. Associated space weather effects can severely impact man-made infrastructure both on Earth and in space, such as satellite-based navigation and radio communication (Bothmer & Daglis 2007). It is therefore crucial for society to understand these phenomena and to develop space weather models and forecasts. The polar ionosphere in the Southern Hemisphere is on average more structured and turbulent than in the north, and it is vital to understand these differences and allow for long-term monitoring (Jin et al. 2019; Tsagouri, Belehaki et al. in press). Through TONe, the ionospheric observations currently at Troll RS will be expanded by a digital ionosonde, which is an ionospheric radar capable of measuring the dynamics of ionospheric irregularities and obtaining electron density profiles in the ionosphere (Reinisch et al. 2009). Together with an all-sky-imager, which monitors auroral emissions, global navigation satellite system, global ionospheric scintillation and total electron content monitoring receivers and magnetometers will provide a complete picture of ionospheric dynamics in this part of Antarctica. The IO at Troll RS will become a key observatory and will provide long-term measurements of electron profiles and ionospheric structuring (Alfonsi et al. 2022). Combining these measurements with complementary measurements from other Antarctic stations will contribute to the development of models for the entire upper atmosphere (Tsagouri, Themens et al. in press).

SANAE-IV and Neumayer III are the closest research stations to Troll RS in DML. They are located more Equatorward from the statistical auroral oval and provide complementary measurements, such as magnetometers and global ionospheric scintillation and total electron content monitoring receivers that are used in collaborative studies (Skjæveland et al. 2021). The high-frequency SuperDARN radar at SANAE-IV points towards Troll RS, providing measurements right above the IO at Troll RS. Other stations with space weather instrumentation in DML are located on the coast: Maitri, Novolazarevskaya and Syowa. Only a handful of digisondes are deployed in other sectors of Antarctica (e.g., at Davis, Zhong Shan and Jang Bogo). In general, ionospheric instrumentation in Antarctica is sparse and is co-located with permanent research stations. International collaboration is required to understand the ionospheric dynamics over the continent (Alfonsi et al. 2022). IO at Troll RS fills the observational gap in DLM and will contribute to such collaborative initiatives.

The Atmospheric Composition Observatory (ACO)

ACO monitors atmospheric chemical composition and properties. The ACO expands NILU’s current atmospheric observatory at Trollhaugen, a peak 1 km east of Troll RS, which already holds some of Antarctica’s longest year-round, high-quality atmospheric series of measurements of contaminants, aerosols, trace gases and UV/ozone. The measurements started in 2007, but the observatory itself was moved to its current location in 2014. The new observations include state-of-the-art instrumentations to monitor trace gases and aerosols that are relevant for understanding the climate and the ozone hole. Through such observations, we will detect changes that may have implications for global climate and study long-range transport of air pollutants into DML. The ACO will strengthen the foundation for understanding the Antarctic atmosphere and its impact on climate, provide input to large-scale models in polar regions and contribute to global satellite validation.

Three instruments have been installed at ACO as part of TONe. (1) A Picarro cavity ring-down spectrometer gives measurements of CO2, CH4 and CO that are quality assured in accordance with the international standards for greenhouse monitoring developed by the Integrated Carbon Observation System and the World Data Centre for Greenhouse Gases. (2) A TSI aerosol particle sizer that measures aerosols at different size fractions expands the size distribution information available from a differential mobility particle sizer focusing on particles smaller than 0.8 mm. The measured sizes will now range from 0.01 mm to 25 mm. The measurements comply with the guidelines developed by the Aerosol, Clouds and Trace Gases Research Infrastructure and contribute to the World Data Centre for Aerosols. (3) A Pandora instrument measures trace amounts of O3, NO2, SO2 and formaldehyde in the atmospheric column using differential optical absorption spectroscopy. This instrument is part of the Pandonia Global Network, which ensures systematic processing and dissemination of data and especially targets satellite validation of atmospheric trace gases for the US and European space agencies.

The Pandora and the aerosol particle sizer instruments are the first of their kind to be installed and to measure continuously in Antarctica. While there are sites occasionally measuring the size distribution of smaller aerosols, this is, to our knowledge, the only continuous, year-round measurement of aerosol size distribution of this wide size range of particles in Antarctica. For climate gas studies, the US National Oceanic and Atmospheric Administration has been conducting continuous CO2 measurements at the South Pole since 1975 and has a long CO2 and CH4 time series collected through flask sampling at Halley and Syowa stations since the 1980s. Additionally, there are sites with sporadic and more campaign-based climate gas measurements. The high-resolution Picarro instrument is to the best of our knowledge unique.

The Integrated Cloud Observatory (ICO)

ICO targets the properties and radiative effects of clouds and aerosols, which constitute two of the largest uncertainties in global climate models, especially in the polar regions. It consists of a suite of ground-based remote sensing instruments to measure macro- and microphysical properties of clouds and aerosols and increased meteorological and radiative measurements. This combination of cloud radar, depolarisation and Raman lidars and microwave radiometer, with in situ validation by radiosondes, has been deployed at several sites around the world and has provided valuable insight into clouds’ effect on the surface energy budget (e.g., Bennartz et al. 2013), among other things. During 2016, the Atmospheric Radiation Measurement West Antarctic Radiation Experiment project had campaigns to carry out similar measurements at McMurdo Station and on the West Antarctic Ice Sheet, and there have been campaigns with similar instruments at Princess Elisabeth Station. The Continuous Observations of Aerosol–Cloud Interactions in Antarctica project has been carrying out ground-based remote sensing measurements of clouds at Neumayer Station in DML since 2023; these measurements have been ongoing for only a year but are meant to continue. Other than these, we are not aware of any similar measurements carried out in Antarctica. The unique location of Troll RS—between the high inland ice plateau and the coast, right on the boundary between cold and cool (around freezing point) summers—will make these measurements a valuable resource for Antarctic climate studies. The measurements will complement the observations in the ACO and allow studies of factors that influence evaporation/sublimation and surface and sub-surface melt and refreezing in areas around the station that are dominated by exposed mountain tops, blue ice and perennial snow cover. RPAS-based radiometers for net radiation and albedo measurements will improve our understanding of spatial inhomogeneities in the cloud cover and how inhomogeneous ground conditions affects representativeness of the point measurements for the wider region.

The Seismic Array (SA)

SA focuses on the dynamics of the ice and solid Earth in DML. A simple seismic station installed by NORSAR at Troll RS in 2012 has shown that the area is one of the best places to measure seismic waves in Antarctica. It is located away from the coast and is therefore less influenced by oceanic noise, and it is on solid ground, so the sensors do not move with the ice. The new seismic array will upgrade this existing station into a high-quality seismic observatory, not only compared to other stations in Antarctica but also in a global context. The array will record signals from all types of seismic events, including earthquakes, icequakes, iceberg calving, explosions and oceanic swell. The new seismic array will record not only much smaller signals than the existing single station does, but it will also measure the propagation directions and velocities of these signals (Schweitzer et al. 2012). This additional information will be essential to associate observed seismic and infrasound signals to common sources and to locate them in the dynamic cryosphere.

The new array will be the southernmost installation of its type installed on solid ground. It will comprise 10 seismic sensors located in 10 boreholes at nine array sites close to Troll RS. The boreholes will be 3–5 m deep and will be drilled in the permafrost to reduce the influence of yearly and daily temperature changes on the highly sensitive sensors. At all nine sites, very broadband instruments and at one site one additional extreme low-frequency broadband instrument will be installed. All array data will be digitized and transferred in near-real time to contribute to the Norwegian node of the European archive for seismic data. The only other seismic array in DML has been operated, since 1997, near the Neumayer Station III on the Ekström Ice Shelf. Although Neumayer Station III has a less favourable location than Troll RS, analysis of the combined data from the two arrays will greatly improve the monitoring capabilities in the western DML.

The Infrasound Array (IA)

IA measures low-frequency pressure (sound) waves generated by atmospheric events, such as meteors, volcanoes, explosions and oceanic swell, as well as abrupt ice movements (icequakes). These waves can be used to analyse atmospheric dynamics and vertical coupling between different parts of the atmosphere. The propagation of infrasound waves in the atmosphere is influenced by weather conditions such as wind and temperature. This allows infrasound waves from known sources (such as storm systems, volcanoes and oceanic swell) to be used for analysing the state of the middle and high atmosphere.

Nine infrasound sensors, along with their noise reduction systems, will be installed in an array configuration. To reduce the ecological impact and the logistics requirements and to achieve the greatest possible synergy for the data analysis, the nine sensors will be co-located with the seismic array.

Four other infrasound arrays are dedicated to monitoring the international Comprehensive Test-Ban Treaty in Antarctica—all located at stations near the Antarctic coast. Only one of these four arrays is in DML; it is close to the Neumayer III Station and has been operative since 2003. Analysis of the combined infrasound data is anticipated and will help to improve the location of infrasound sources in the whole region.

The Fimbulisen Ice Shelf Observatory (FIO)

FIO will provide measurements that will help us understand the processes shaping ice sheet mass balance as well as the oceanic properties under the largest ice shelf in DML. A time series of oceanic properties beneath Fimbulisen was initially established with moorings that were deployed through hot-water-drill holes at three sites during the NPI’s Fimbul field campaign in 2009/10 (Hattermann et al. 2012). Today these instruments provide the longest continuous record of ocean temperature and currents under an Antarctic ice shelf, showing that a sudden shift towards sustained warm inflow since mid-2016 was caused by large-scale changes in the Southern Ocean climate (Lauber et al. 2023). These changes had direct implications for basal melting at Fimbulisen during 2016–19 (Lindbäck et al. 2023), illustrating how remote processes impact the ice-shelf mass balance in this sector of Antarctica.

The existing instrumentation beneath Fimbulisen has surpassed its anticipated lifetime of five years, and extending these observations in time and scope is the primary objective of FIO. For that purpose, a combination of risk-minimising and cutting-edge instrumentation will be deployed under the ice shelf to carry on—at an upgraded level—the long-term monitoring of ocean properties under the northern part of Fimbulisen (which is 200 m thick) and its central part (400 m thick). Instrumentation for long-term monitoring of warm inflows beneath the ice will be complemented with detailed observations of the under-ice shelf geometry and hydrography in the ice–ocean boundary region will contribute significantly to new formulations of basal melting for global-scale climate models, ultimately reducing uncertainty in future sea level rise. FIO also includes co-located autonomous measurements of surface and basal mass balance and ice-shelf motion (snow accumulation, dynamics, tides, strain). In-situ water sampling, sediment coring and visuals through the ice-shelf borehole will provide unique insights into the past evolution of the physical environment and its connection to the marine ecosystem. Under-ice shelf sound sources for acoustic navigation (e.g., future autonomous glider campaigns) within the cavity will also—for the first time worldwide—be developed.

Although hot-water-drilling has been used to deploy oceanographic instruments beneath Antarctic ice shelves for several decades (Mac Ayeal 1984; Makinson 1994), only a few places around Antarctica have multi-year time series of ice-shelf cavity properties; continuous long-term records are extremely rare. In the 1990s, several ice-shelf cavity moorings were deployed beneath the Ronne Ice Shelf in the southern Weddell Sea (Nicholls et al. 2009), providing longer than seasonal records. One of these historical sites was re-established in 2015 (Vaňková & Nicholls 2022) and was extended with sites on the Filchner Ice Shelf (Hattermann et al. 2021), which have collected data until the present. In the early 2000s, several ice-shelf cavity moorings were operative for several years beneath the Amery Ice Shelf (Herraiz-Borreguero et al. 2013), and long-term observatories were established, in 2017, under the Ross Ice Shelf (Stevens et al. 2020).

The Multidisciplinary Ocean Moored Observatory (MOMO)

MOMO targets the physical, biogeochemical and biological properties in the Weddell Gyre inflow/Antarctic Slope Front, off the DML coast in the ocean area Kong Haakon VII Hav. Currently, there are very few observations that resolve the seasonal cycle and fluxes of nearshore biological production around the continent. MOMO will serve as a reference point at the inflow of the Weddell Gyre to increase our understanding of changes in climate dynamics and the carbon cycle in the Atlantic sector of the Southern Ocean. The combination of long-term measurements on the shelf (MOMO) and measurements underneath the ice shelf (FIO) is unique and enables studies of the relationship between the variability and trends in the current and front and the circulation and melt rate under the ice shelf. An array of three oceanographic moorings will be maintained across the continental shelf break and slope region, with instrumentation to resolve the seasonal and interannual variability of the Antarctic coastal current slope front dynamics in the ‘fresh-shelf’ regime (Thompson et al. 2018). Profiling current meters and conductivity–temperature–depth sensors will monitor the eastern Weddell Gyre boundary current. Densely spaced thermistors will resolve variations of the Warm Deep Water, which is transported along the shelf break as part of the large-scale circulation (Paih et al. 2020) and is the largest source of heat melting the ice shelf (Nøst et al. 2011). Biogeochemical sensors for dissolved oxygen, chlorophyll and CO2, as well as sediment traps, will provide insights into primary productivity and carbon cycling, while passive and active acoustics link those dynamics to zooplankton and higher trophic activity. In a region with abundant deep-drafting icebergs, advanced expendable sensor technology will be employed to gain access to the surface properties that are important for physical (Zhou et al. 2014; Hattermann 2018) and biological (Kauko et al. 2020; Moreau et al. 2023) processes, but which remain largely under-sampled in the region. The work of deploying and maintaining the MOMO instruments will be coordinated with Troll RS supply cruises, which have been extended to facilitate basic oceanographic research operations. A containerized science platform has been established on the station’s supply vessel to facilitate these TrollTransect cruises since 2020/21, which allow for mooring maintenance and additional hydrographic profiling and water sampling.

After pioneering efforts in the late 1960s and 1970s (Foldvik et al. 1985), moored instruments have been routinely used in ice-infested Southern Ocean waters since the 1990s. Still, most observatories south of the Polar Front and in Antarctic continental shelf regions were deployed seasonally or for just a few years. Within the past two decades, significant international efforts have been made to establish long-term observatories in the Weddell and Amundsen–Bellingshausen seas, with a primary focus on constraining the glacier–ocean interactions in these regions. With their multidisciplinary objective, MOMO’s long-term time series will aid in filling critical gaps in the sparsely observed coastal environment around Antarctica. MOMO will fit into international efforts to build an Integrated East Antarctic Marine Research observatory (Gutt et al. 2022), which will allow us to understand—and project the consequences of—climate change and will support the sound management of conservation efforts in the Southern Ocean.

The Seabird Monitoring Observatory (SMO)

SMO collects data on the biology of seabird populations, with a focus on Antarctic petrels, and through this enables studies of the health of the marine environment (Piatt et al. 2007). Existing population and demographic data suggest a decline in some seabird populations in DML, suggesting that the marine environment outside DML has been rapidly changing. Continuous data collection over prolonged and regular time periods is the cornerstone of wildlife monitoring. The SMO is based on automatic monitoring in Svarthamaren and Jutulsessen, two of the largest inland seabird colonies in Antarctica. It will use automatic time-lapse cameras, combined with machine learning approaches (e.g., Hayes et al. 2021; Tuia et al. 2022) to provide information on such key parameters as population size, breeding success and timing of breeding. SMO will facilitate the expansion in time and space of existing, but limited, seabird monitoring efforts in DML. Other seabird species are similarly monitored elsewhere in Antarctica. For example, a colony of emperor penguins (Aptenodytes forsteri) in Atka Bay, close to the Neumayer III Station, has been monitored since 2013 by an automatic observatory based on multiple cameras (Richter et al. 2018). Several colonies of Adelie (Pygoscelis papua) and chinstrap (P. antarctica) penguins have been monitored across the Scotia Arc or on the Antarctic Peninsula via a network of time-lapse cameras (Black et al. 2018; Hinke et al. 2018). In East Antarctica, a network of 21 remotely operated time-lapse cameras has been installed in the period 2005/06–2010/11 to monitor Adelie penguin colonies along a roughly 90° longitudinal gradient (Southwell & Emmerson 2015). Combined with such seabird monitoring in other parts of the Antarctic continent, the SMO will enhance our understanding of Antarctic wildlife responses to climate change and, by extension, changes in marine ecosystems.

TONe RPAS-based services

Where the observatories provide time series from fixed locations, the RPAS service will complement and enhance them by expanding the data collection capability horizontally and vertically to cover larger parts of DML. The drone-based measurements and sensor systems will enable the collection of unique data from the atmosphere, cryosphere (e.g., precipitation distribution, glacier and ice-shelf thickness, sea-ice distribution and properties) and marine and terrestrial ecosystems (e.g., primary production at the ice edge, seabird colony distribution and sizes in the whole DML). The RPAS service will be developed, established and tested, and a pilot phase will be conducted in the Antarctic summer season of 2026/27, where a wide range of data will be collected to prove the concept of the system. The RPAS services will be made available by the end of the TONe implementation phase.

The RPAS services are designed to support the observatories that have missions requiring aerial data and to support scientists that need aerial data from the DML region. The main RPAS infrastructure will consist long-range fixed-wing drones with an endurance of about 800 km, controlled through a combination of satellite and direct radio communication. The fixed-wing drones will normally be operated out of Troll RS, but the flexible system will allow for remote field operations from field camps. The ground station will be in a mobile shelter, with a small shop allowing for deep field operations. Smaller electric multi-rotor and fixed-wing drones, with ranges up to 100 km, will be deployed as needed.

The long-range fixed-wing drone will be instrumented with one of three different instrument packages at a time. (1) The optical package will comprise a hyperspectral imager in the visual and near infrared. Planned uses are vegetation mapping, spectral albedo and ocean colour. (2) The radar systems package will combine UHF/VHF radar and a 2–8 GHz ultra-wide band radar to observe ice and ice-shelf thickness as well as surface stratigraphy, indicating annual snow accumulation and distribution. (3) The atmospheric package will be made up of broadband long- and shortwave radiometers looking both upward and downward to measure surface albedo and net radiative fluxes. This package will support modelling as well as addressing spatial inhomogeneities and the representativeness of Troll RS with regard to the DML atmosphere.

Basic aerial camera and meteorological sensors will be common to all three configurations. In addition to collecting data, the drones could also serve as data mules, using broadband radios to pick up data from remote stations.

The data management system

An essential part of the infrastructure, the data management system ensures and promotes open and unrestricted access to the data collected from the observatories and RPAS service. The data system consists of an on-site data infrastructure to ensure secure and structured management of TONe data in Antarctica, as well as permanent data storage at data centres in Norway and abroad. A planned TONe web portal will provide unified access to all TONe data.

TONe data sets will be published worldwide, making them accessible through major polar and global data portals. The open-access approach will make the data available to a much larger group of scientists (including early career researchers) and allow the wider scientific community to work on Antarctic data without having to be involved in large and costly field-based projects. The data collection capacity provided by TONe will also stimulate a wide range of new interdisciplinary studies from DML.

Conclusion

The vast and enigmatic landscapes of Antarctica hold invaluable insights into our planet’s climate and environmental health. Long-term monitoring initiatives in this region are not merely academic endeavours; they are crucial for society. Despite significant advancements in sustained observations, the remoteness and harshness of Antarctica and the Southern Ocean have kept them among the least monitored regions on Earth. Gaining an in-depth understanding of how Antarctica is changing and reducing the uncertainties surrounding how these changes influence the global change requires an international effort in which nations, programmes and institutions contribute to coordinated, systematic and Earth system-based observations across Antarctica and the Southern Ocean. Through TONe, Norway aims to boost this international imperative. Initiatives such as TONe cannot be seen as isolated pursuits but rather as a part of a collective responsibility. The entire Antarctic community must champion such long-term monitoring efforts, investing in technology, international collaboration and sustained commitment in a systematic and coordinated manner. This has been clearly recognised by the Parties to the Antarctic Treaty. At the joint Committee for Environmental Protection–ATCM session on climate change implications at the 2023 ATCM in Helsinki, the Parties highlighted the needs for long-term, well-supported monitoring efforts and for integrated, coordinated approaches to scientific research on climate change.

During their deliberations, the Antarctic Treaty Parties also highlighted the importance of making all Antarctic data sets available for the international scientific community, to facilitate a better understanding of climate-change impacts and to inform decision-making. By meeting the FAIR principles—findability, accessibility, interoperability and reusability—of data sharing (Wilkinson et al. 2016), the observational data amassed through TONe will increase the benefits gained by high-cost data collection in Antarctica.

At a dedicated session during the Scientific Committee on Antarctic Research Open Science Conference in Chile, 19–23 August 2024, the Antarctic science community will explore the current state of coordinated observing efforts in Antarctica, pinpointing gaps in observation needs, investigating how closer collaboration can address the challenges and considering actionable steps to rectify shortcomings. This is an important opportunity for the community to consider how we can collectively advance our understanding of climate change, leading to more effective solutions and a sustainable future for our planet.
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