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Abstract. WeBased on the ongoing large climatic and environmental changes and the history of science coordination in 14 

Svalbard leading to the development of Svalbard Integrated Arctic Earth Observing System (SIOS), we present an overview 15 

of the current gaps in knowledge and infrastructure based on an overalla synthesis of allthe recommendations developed 16 

aspresented in the main outcome of the annual State of Environmental Science in Svalbard (SESS) reporting of the Svalbard 17 

Integrated Arctic Earth Observing System (SIOS).SIOS. Recommendations from the first four years of SESS reporting 18 

represent the point of view of the wide scientific community operating the large observing system implemented in Svalbard 19 

(SIOS) since 2018, and aim to identify the scientific potential to further develop the observing system. The recommendations 20 

are bottom-up inputs for a continuous process that aims to accomplish the vision and mission of SIOS: optimising, integrating 21 

and further developing the observing system in an Earth System Science (ESS) perspective. The primary outcome of the 22 

synthesis work is the evidence that ESS in SIOS has, during the first 4 years of operation, naturally developed from individual 23 

scientists or smaller groups of scientists to larger disciplinary international groups of scientists working together within the 24 

different environments (atmosphere, cryosphere, marine and terrestrial environments). It is clear that strategic efforts towards 25 

interdisciplinarity are necessary for operating fully at ESS scale in Svalbard. As Svalbard is experiencing the largest ongoing 26 

warming in the Arctic and worldwide, SIOS is in a unique position to perform a full-scale study of all processes impacting 27 

ESS dynamics and controlling the water cycle, using all parts of the SIOS observation network, with a large potential for 28 

increasing the understanding of key mechanisms in the Earth System. We also identify the potential to upscale Svalbard-based 29 

observations collected in SIOS to pan-Arctic scale, and to global scale, contributing to full scale ESS.  30 
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1. Introduction to ongoing climatic and environmental changes in Svalbard 31 

The Arctic Earth System is experiencing rapid transformations driven by climate change. The archipelago of Svalbard (74°-32 

81°N), located halfway between Norway and the North Pole, is experiencing some of the largest climatic changes during the 33 

last decades, making it an Arctic hotspot. Svalbard has the longest high Arctic meteorological record from the Longyearbyen 34 

area extending back to 1898. It clearly shows how surface warming has been ongoing during the last half century (Fig 1). 35 

Isaksen et al. (2022) identify a statistically significant and exceptional to the Arctic and globally record-high annual surface 36 

air temperature warming of up to 2.7°C per decade, with a maximum in autumn of up to 4.0°C per decade for north easternmost 37 

Svalbard, on the Karl XII-øya islands (1991-2020). In central Svalbard the surface air temperature at Longyearbyen airport 38 

has had a linear increase of 3.8°C in the 1899–2018 period. This is about 3.5 times more than for the global mean temperature 39 

during the same period (Nordli et al, 2020). Also, the annual warming rates have accelerated since the 1980s up to the latestlast 40 

decade since 1981 (Isaksen et al., 2022). This warming is closely linked to substantial reduction in sea ice and an increase in 41 

sea surface temperatures in the Northern Barents Sea. For this region, summers (JJA) have had the lowest decadal surface air 42 

temperature warming ranging from 0 to 0.7°C, but with Karl XXII-øya experiencing a decadal warming rate of 1.3°C, while 43 

winters (DJF) have seen up to 3.8°C per decade, and springs (MAM) 2.1°C per decade, all numbers based on the 2001-2020 44 

period (Isaksen et al., 2022). The sea surface temperature has increased by 0.8°C per decade for the last two decades along 45 

western and southern Svalbard, and in the southeastern Barents Sea, representing some of the largest sea surface warming rates 46 

observed in the Northern Hemisphere, and reflecting the larger and warmer inflow of Atlantic Water by the West Spitsbergen 47 

Current to this region (Isaksen et al., 2022). This inflow may also influence the late freeze-up of the Northern Barents Sea and 48 

Franz Josef Land areas. Clearly, the ongoing environmental changes show how different parts of the Earth System are affected 49 

and interacting in their responses to the ongoing surface warming both on land and in the sea. 50 

In the mesosphere from 76-90 km, the hydroxyl (OH∗) airglow temperature series from Longyearbyen is one of the longest 51 

continuous measurement records of winter temperatures in the world extending from 1983 to the present (Wurst et al., 2023). 52 

The overall daily average mesospheric temperature for the 2005 – 2012 seasons was -67.15°C, 3°C colder than studies from 53 

earlier time periods (Holmen et al. 2014). Temperatures at 90 km altitude above Svalbard have also been determined using a 54 

meteor wind radar and subsequently calibrated by satellite measurements for the period autumn 2002 to 2019. The cooling 55 

rate during summer months is 9.9 ± 2.9°C decade−1 between 2002 and 2012, and 4.3 ± 1.2°C decade−1 between 2002 and 2019 56 

(Hall et al. 2020). Carbon dioxide is a major driver of long-term trends in the upper atmosphere. This, along with other 57 

greenhouse gas emissions, causes a general cooling effect of about -1 to -3 °C/yr at 250 km altitude (Zhang et al. 2016). Radar 58 

observations have also shown that the situation is different between the low and high latitude regions, with the high latitudes 59 

showing less cooling, even some warming above 300 km altitude (Lastovicka 2017). Similarities between the observations of 60 

atmospheric vertical temperature trends and climate model projections are pointed out by the IPCC (IPCC, 2021), which state 61 

that new techniques permit more robust quantification of temperature values and trends, allowing an improved confidence in 62 

the vertical structure of temperature changes. 63 
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The Svalbard region is furthermore experiencing Atlantification of the surrounding seas, as increased ocean heat is transported 64 

to the region from the west in the form of Atlantic water masses (Efstathiou et al., 2022). Concurrent changes in oceanographic 65 

conditions (e.g., water temperature, nutrient loading, stratification), together with transport of organisms from further south, 66 

may significantly alter species composition and productivity of Svalbard's coastal marine ecosystems (Bischof et al. 2019, 67 

Assmy et al. 2023). Arctic terrestrial flora and fauna are generally sensitive to warming, but trends over a period of time are 68 

heterogeneous and complex (Bjorkman et al., 2020; O’Connell et al. 2006, Pedersen et al. 2022). Most terrestrial Arctic 69 

endemic species in Svalbard are experiencing negative consequences induced by the warming environment (Descamps, 2017). 70 

In the terrestrial ecosystem, increased winter air temperatures are often accompanied by increases in the frequency of ‘rain-71 

on-snow’ events, one of the most important facets of climate change with respect to impacts on flora, fauna and society (Hansen 72 

et al., 2014). Also, given that all the cryosphere components are inherently sensitive to temperature change especially around 73 

0°C, Svalbard has experienced a continued net loss of ice (Meredith et al., 2019). The latter is a natural integrator of climate 74 

variability and provides some of the most visible signatures of climate change, with retreating glaciers, shorter snow-covered 75 

seasons and thawing permafrost (Constable et al., 2022). 76 

1.12 Science coordination in Svalbard leading to Svalbard Integrated Arctic Earth Observing System – SIOS 77 

The potential to develop Svalbard as a full ESS regional distributed Research Infrastructure (RI) to study Arctic environmental 78 

change was identified already in 2007. To reach this goal, cooperation between the numerous national research stations, 79 

institutes, initiatives, and data collections in Svalbard had to be greatly improved. To achieve this, the concept of Svalbard 80 

Integrated Arctic Earth Observing System (SIOS)Research in Svalbard has a long tradition, going back at least to the “La 81 

Recherche” expeditions in 1838 and 1839. Early work was in expedition form, but some permanent observatories emerged 82 

from the International Geophysical Year (IGY) in 1957  (Norges Forskningsråd, 1997). A French station (“Corbel”) was 83 

established outside Ny-Ålesund, as well as the Polish station in Hornsund. The first more permanent research establishment 84 

came in 1967 when the Kongsfjord Telemetry Station was set up in Ny-Ålesund for communication with the European Space 85 

Research Organization satellites. This was in close collaboration with The Norwegian Polar Institute, which established a 86 

research station in Ny-Ålesund in 1968.  The telemetry station was discontinued in 1974. A diversification of research in Ny-87 

Ålesund began with the Norwegian Institute for Air Research and University of Tromsø conducting activities as of the middle 88 

of the 1970-ies. Norwegian universities and other institutions began sending summer expeditions to Ny-Ålesund, followed by 89 

expansion of activities after the 1990s with institutions from numerous nations establishing a presence. It soon became apparent 90 

that many projects worked on similar topics, and were partially duplicating logistical and scientific efforts. This was one of 91 

the motivations for establishing the Ny-Ålesund Science Managers Committee (NySMAC) in 1994 as an organisation to 92 

coordinate research and logistics. As NySMAC matured there was an increased desire to coordinate also the scientific questions 93 

addressed. This led to the formulation of the NySMAC flagship programs, which were essentially established around the four 94 

themes that de facto were most studied in Ny-Ålesund (Atmospheric science, Glaciology, Marine Science and Terrestrial 95 

Science). 96 
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The research landscape in Svalbard then further developed. In Barentsburg there have been scientific activities under the 97 

auspices of the Russian Arctic Antarctic Research Institute for decades. In Longyearbyen there were several research projects 98 

present from around the time of the opening of the airport in 1975. The University Centre in Svalbard (UNIS) was established 99 

in Longyearbyen in 1993, and has since grown to its present scale of ~50 scientific personnel and an annual throughflow of 100 

about 750 students (200 student year equivalents per year). In addition to research activities in these permanent sites, a large 101 

number of studies and projects have been carried out in the surrounding parts of the archipelago,  with the scope to study the 102 

glaciers, permafrost, vegetation and ecosystems in a changing climate.  103 

With the diversity of research spreading across Svalbard, a need for better sharing of information about ongoing research was 104 

seen and Svalbard Science Forum (SSF) was established in May 1998 under the auspices of the Norwegian Research Council 105 

(St.meld.nr.22, 2009).  SSF has expanded its activities with a new mandate in 2005 and rapidly evolved to its present 106 

organisation with a permanent office in the Svalbard Science Centre in Longyearbyen. The initial task of SSF was to establish 107 

the Research in Svalbard (RiS) database which then was a paper-based annual report. Today RiS is a fully digital direct 108 

information platform with past, ongoing, and planned research projects in Svalbard. Everyone doing research in Svalbard is 109 

expected to contribute to the RiS database. SSF has two meetings per year for Svalbard-wide research, providing information 110 

exchange between the major research nodes in Svalbard (Barentsburg not participating since February 2022). SSF does not 111 

make scientific priorities or recommendations per se, but facilitates the flow of information. SSF also provides some funding 112 

opportunities to further scientific cooperation in Svalbard and enable the recruitment of young scientists to Arctic research, as 113 

well as organising a conference focusing on Svalbard Science every other year. 114 

The next challenge for the scientific community was to dare formulate and tackle larger Svalbard-wide endeavours where 115 

questions larger than any single of the research entities would be able to pursue on their own, e.g. an Earth System Science 116 

perspective. Another challenge was harmonising data and making it openly available using machine readable formats, so that 117 

results from different contributors can be utilised together with minimal data revision. These were visions and roles that none 118 

of the existing structures were designed to undertake. The creation of Svalbard Integrated Arctic Earth Observing System 119 

(SIOS), an Earth System Science (ESS) -guided independent international consortium was therefore a next step (St.meld.nr.22, 120 

2009) to bring together the full scientific benefits of the previously established practical research cooperation bodies. Towards 121 

this backdrop the potential to develop a full ESS regional distributed Research Infrastructure (RI) to study Arctic environmental 122 

change in Svalbard was identified already in 2007. To achieve this, the concept of SIOS was developed through an EU funded 123 

preparatory phase project 2010-2013, and the operation continued with an interim phase 2014-2017. Thanks to great efforts 124 

during the previous 10 years, SIOS entered its operational phase in 2018. 125 

The mission of SIOS is to study the environment and climate in and around Svalbard to develop an efficient observing system, 126 

share technology, experience and data, close knowledge gaps and decrease the environmental footprint of science. The aim of 127 

SIOS is to perform an integrated assessment of how Arctic Earth System changes are developing and interacting with a clear 128 



5 

 

aim to connect the different scientific subdisciplines for improved ESS understanding. SIOS presents opportunities for research 129 

and the acquisition of key knowledge on global environmental change, with a focus on processes and their interactions between 130 

different spheresenvironments, i.e., biosphere, geosphere, atmosphere, cryosphere, and hydrosphere. The vision of SIOS is to 131 

be the leading long-term observing system in the Arctic to serve Earth System Science andfor society. (https://sios-132 

svalbard.org). 133 

SIOS is currently a consortium of 2928 international research institutions from 10 different countries (https://sios-svalbard.org) 134 

that own or operate research facilities in the Svalbard region, or that provide research data relevant for the consortium. Together 135 

the consortium develops and maintains a regional observational system (Fig.2) for long-term measurements in and around 136 

Svalbard, addressing Earth System Science questions related to Global Change. The members own and give access to their 137 

research infrastructure. Data produced by SIOS members followThe SIOS data policy states that new data contributions 138 

from the consortium are to be made available through the SIOS data management system (SDMS, https://sios-139 

svalbard.org/Data), and that they need to follow the FAIR (Findable, Accessible, Interoperable, Reusable) guiding principles 140 

for scientific data management and stewardship (Wilkinson et al. 2016), and they are accessible through SIOS data management 141 

system. 2016). SDMS includes a federated database system, in which the individual datasets are hosted at contributing data 142 

centres across the globe and metadata records about these data are stored in a SIOS metadata catalogue. The datasets can be 143 

accessed through a portal hosted on the SIOS website (https://sios-svalbard.org/metsis/search). At the time of writing the 144 

database provides access to over 550000 datasets, with the longest time series spanning over 70 years back to 1945. The 145 

currently available datasets follow the FAIR guiding principles to a varying degree, and a large fraction of them are from the 146 

Norwegian National Ground Segment for satellite data (https://www.satellittdata.no/en/metsis/search). SIOS also hosts a 147 

separate portal (https://www.sios-svalbard.org/sios-ri-catalogue), in which the current, historic and planned observation 148 

facilities collecting SIOS data are documented.  149 

The operations of the SIOS consortium are coordinated by the SIOS Knowledge Centre (SIOS KC), the central hub of SIOS. 150 

SIOS has five active working groups with different tasks: Science Optimisation Advisory Group, Research Infrastructure 151 

Coordination Committee, SIOS Data Management System working group, Remote Sensing Working Group and Information 152 

Advisory Group. The mandate of the Science Optimisation Advisory Group (SOAG) is to prioritise ideas and initiatives for 153 

the observing system development, considering scientific and societal relevance, feasibility and realism. 154 

The previously-mentioned flagship programs of Ny-Ålesund are developing and taking an increasing role in formulating 155 

upcoming research projects and programs which have direct similarities with the priority processes in SIOS. An intimate 156 

relationship between SIOS and the NySMAC flagship programs is a logical and emerging development. SIOS and SSF have 157 

some overlapping activities in supporting projects, but whereas SSF does not prioritise science, SIOS seeks to actively coax 158 

member institutions towards embracing new and bigger scientific endeavours. 159 

https://sios-svalbard.org/metsis/search
https://www.satellittdata.no/en/metsis/search
https://www.sios-svalbard.org/sios-ri-catalogue
au84364
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2.1.2 State of Environmental Science in Svalbard 160 

As SIOS entered operation in 2018, an important overview tool for the observing system was initiated, the annual report series: 161 

State of Environmental Science in Svalbard (SESS). The overall aim of the reports is to summarise the state of current 162 

knowledge of key ESS parameters and analyse how these interact. The SESS reports contain peer-reviewed scientific chapters 163 

and associated outreach summaries. During the first 4 years of operation (2018-2021), a total of 40 individual chapters 164 

presented 169 recommendations (Orr et al., 2019; Van den Heuvel et al., 2020; Moreno-Ibáñez et al, 2021 & Feldner et al, 165 

2022). Most SESS contributions have been reviews, but data summaries and updates to earlier SESS contributions have also 166 

been included. The SESS contributions have been authored by international and sometimes multidisciplinary groups. 167 

The SESS recommendations are a bottom-up process to develop the SIOS RI, as topics are proposed by international research 168 

groups and selected through a review process. Proposals have been concerning new topics or simply updates to earlier SESS 169 

reporting.SESS reports are the integral part of the SIOS work program aimed to develop a coherent Svalbard observing system 170 

for many uses and users (Fig. 3).  SIOS, i.e. the SIOS member institutions, the SIOS working groups, and the SIOS Knowledge 171 

Centre are the internal forces that try to move the Svalbard scientific community forward to provide better Earth system science 172 

data in Svalbard and thus, serve societal needs related to climate change, pollution and biodiversity loss. The different aspects 173 

of the Earth System and the means to improve the observing system are the preoccupation of the many SIOS working units, 174 

including task forces that are formed from different SIOS working groups, individuals from SIOS member institutions working 175 

in secondments on a specific topic within SIOS, and expert residents such as the SIOS Chair targeting to utilise SIOS data in 176 

scientific research. With the principles of cooperation, innovation and data harmonisation this work ensures that the SIOS 177 

community produces relevant long-term data series, the SIOS core data (https://sios-svalbard.org/CoreData), and improved 178 

research infrastructure (https://www.sios-svalbard.org/sios-ri-catalogue) as basis for new research projects and capacity 179 

building. The SESS report allows research groups from member institutions to identify observational gaps and provide 180 

recommendations on how to close those in a bottom-up process. The SESS reports are released annually in the last week of 181 

January, during an annual SIOS conference called the Polar Night Week. This event is also the main venue for stakeholders, 182 

researchers, and SIOS working groups to meet for discussing and finalising consortium activity plans for the following years. 183 

The plans are then further aligned with strategic aspects by the General Assembly of SIOS in a top-down process, allowing 184 

the work program to develop with input from all levels of SIOS. 185 

The SESS reports help develop the SIOS research infrastructure, as topics are proposed by international research groups and 186 

selected through a review process. The calls for input to the SESS reports have been open to all interested researchers from 187 

the SIOS member institutions and from other institutions with research activity in Svalbard. Each SESS contribution has been 188 

urged to connect interdisciplinarily with the different ESS spheres to allow for improved ESS understanding. SESS 189 

recommendations within the reports form an integral part of the contributions and help identify the scientific knowledge gaps, 190 

recommend improvements in terms of research infrastructureRI and rising societal needs in Svalbard. The topics of SESS 191 

https://www.sios-svalbard.org/sios-ri-catalogue
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chapters have ranged across the many sub-disciplines of ESS from atmosphere, cryosphere to the marine and terrestrial 192 

environments. The objective of this paper is to 1) present the synthesis of the SESS recommendations and 2) discuss how to 193 

further develop SIOS to serve the pan-Arctic ESS community. 194 

2.2 The State of interdisciplinary Earth System Science in Svalbard 195 

Understanding the value and accessing the work performed in SIOS and published in the SESS reports, the state of the 196 

interdisciplinary scientific background is obviously essential. There are numerous publications on the state of science within 197 

the separate ESS disciplines in Svalbard. Only a few of these address interdisciplinary research questions cutting across 198 

disciplines. However, at few exist such as Peeters et al. (2019), who identified a climate-cryosphere regime shift stressing the 199 

linkages between the ongoing meteorological changes towards more winter rain precipitation and thicker ground ice covers 200 

affecting the cryosphere, but also affecting the biological environment with animal foraging being moved to ice-free grounds. 201 

This changing form of precipitation is thus identified as important for changes in the high-arctic terrestrial environment (Peeters 202 

et al., 2019). It has also been identified at Arctic scale (Bintanja & Selten (2014) that increased winter precipitation is primarily 203 

due to intensified local evaporation typically from open sea, thus clearly linking the ongoing increases in Arctic winter 204 

precipitation to the marine environment as well. The most recent review of snow research in Svalbard (Zdanowicz et al., 2023), 205 

largely based on SIOS work and collaboration, identifies knowledge gaps and research needs in snow science. In doing so the 206 

review relates these gaps and needs to other cryospheric fields such as glacier mass balance and active layer thickness above 207 

permafrost, but also to atmospheric conditions in relation to snowpack pollution and to terrestrial ecology and hydrology. 208 

Clearly some scientific fields do recognise their interdisciplinary scientific connections. With respect to extreme precipitation 209 

events over Svalbard, it is well-known that these are caused by moisture transport extending thousands of kilometres south 210 

into the subtropical Atlantic and often characterised as ‘atmospheric rivers’ (Serreze et al, 2015; Müller et al., 2022). The 211 

increase in extreme precipitation events over the last four decades in Svalbard have been directly linked to the sea ice extent 212 

east of Greenland, as this sea ice shields the west coast of Svalbard from incoming southerly moist air (Müller et al., 2022). 213 

Thus results show clear linking of meteorological changes with changes in the marine environment and with well-known 214 

consequences for ecosystems, cryosphere and society at Arctic scale. 215 

2.1. 3. Methods216 

SOAG performed the first synthesis of the output of the SESS reporting to identify how to improve and develop SIOS. A task 217 

force was established from SOAG and SIOS- KC which included experts from all ESS environments. This approach was 218 

considered most natural and sustainable when reviewing and condensing the recommendations, focusing on the atmosphere, 219 

the cryosphere and the marine and terrestrial environments. The main aim of the synthesis was to identify, condense and 220 

prioritise the recommendations into key recommendations for the four environments and use these to identify joint 221 

interdisciplinary or overall recommendations that expand across the entire Svalbard Earth System. 222 
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 223 

An open process took place with as much participation from all SESS authors as possible, inviting lead authors from all SESS 224 

chapters within the four environments to thematic workshops, with the focus on condensing the range of recommendations 225 

within each of their environments. The task force has worked fully online, and due to COVID-19, the four thematic 226 

environment workshops had, unfortunately, to be held online in early winter 2022. The cryosphere workshop brought together 227 

6 SESS authors covering widely different parts of the cryosphere SESS contributions. For the atmosphere, 5 authors and 228 

experts largely discussed the list of recommendations extracted for this domain. 229 

In each environment workshop, the recommendations were grouped and condensed to obtain an overview of the main 230 

recommendations within each environment. Based on this thematic condensation of the key recommendations from the four 231 

environments, the task force then discussed and further condensed the recommendations across for the entire ESS focusing on 232 

interdisciplinarity. Finally, the entire SOAG provided feedback and the Board of Directors of SIOS approved the report as a 233 

guiding document for developing SIOS RI. 234 

3.2. 4. Results 235 

34.1 Key recommendations from the atmosphere, cryosphere, marine and terrestrial environments 236 

Here we briefly present the main recommendations from the four different environments of the SIOS ESS. 237 

34.1.1 Atmosphere 238 

   In the mesosphere / lower thermosphere -ionosphere (M/LTI) system (40 - 400 km), research focuses on understanding the 239 

interaction and coupling between the neutral and ionised atmospheric components, energetic particle fluxes, ionospheric 240 

instabilities, and the cusp auroral region. In the troposphere, stratosphere (T/S) system (0 - 40 km) research focuses on such 241 

topics as aerosol-cloud interactions, atmospheric chemistry in the Arctic boundary layer, stratospheric ozone and surface 242 

spectral UV fluxes. Several recommendations focus particularly on identifying methodological, technological or observational 243 

gaps along with the need to continue existing long time series measurements. (Table 1). For the M/LTI region this is centred 244 

around maintaining well established, larger facilities, such as radars, which can provide multiple parameters such as 245 

temperatures, densities, atmospheric motion, energy dissipation rates, across multiple scales, with an established, extensive 246 

international use base. The facilities have built up extensive long-term databases and provide the opportunity for additional 247 

instrumentation to be deployed in their vicinity.    248 

Suggested improvements for the lower atmosphere include filling gaps in observations of spectral UV, black carbon, local 249 

sources of biological aerosol precursors as well as further meteorological and hydrological measurements. Recent 250 

developments in unmanned aerial vehicles (UAV) and miniaturisation of electronics and instruments should be exploited to 251 

develop more mobile observational platforms. There should also be a push to increase the number of parameters observed by 252 

au84364
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AWS (Automatic Weather Station), especially in Eastern and Northern Svalbard. There should also be a stronger connection 253 

and integration with measurements performed in East Greenland. 254 

34.1.2 Cryosphere 255 

The cryosphere synthesis is based on contributions within hydrology, glaciology, seismology, permafrost, snow, and on UVA 256 

of the cryosphere. SIOS has fostered international groups collaborating in Svalbard within the different cryospheric 257 

subdisciplines. The group on snow research has been leading the way with collaborating extensively and is now running a 258 

SIOS pilot snow project. The group has also submitted a joint manuscript for peer-review based on this collaboration. The four 259 

main recommendations from the cryosphere group are listed in Table 1. The changing water cycle during climate change was 260 

identified as an overall scientific knowledge gap that needs all parts of the cryosphere to be involved, and in addition needs 261 

extended links to the atmosphere. Integration across SIOS was found to be increased by establishing supersites building on 262 

existing SIOS observations. Longyearbyen-Adventdalen area was identified as an obvious candidate where repetitive central 263 

observations in combination with remote sensing can serve society and students and even with possibilities for citizen science 264 

to be developed. There is also a wish for methodological coordination across the cryospheric research fields with, for instance, 265 

time-lapse cameras, remote sensing (InSAR), fibre-optic cables for high spatial observations, ground penetrating radar, 266 

seismics/cryoseismicspassive/active seismic and cryoseismic measurements, and potentially networks of these types of 267 

measurements across different SIOS supersites. Supersites are also instrumental for developing and harmonising methods to 268 

ensure that all collected data are comparable and immediately usable. 269 

Finally, it would be optimal to equip SIOS for observing sudden cryospheric events affecting the cryosphere such as glacial 270 

lake drainage (GLOFs) or meteorological extreme events such as autumn or winter rainstorms causing landslides and increased 271 

runoff due to extensive snow melting. These topics are also important for interdisciplinary studies. 272 

34.1.3 Marine 273 

The marine synthesis is based on contributions covering the following topics:  oceanic circulation, ocean-atmosphere 274 

interactions, plankton monitoring, sea ice thickness, microplastic pollution and the status of Svalbard coastal waters. Major 275 

recommendations identified a need for a marine observing infrastructure development that provides data needed to fill critical 276 

gaps in the observing system. Specifically, these included autonomous observational sites for co-located long-term monitoring 277 

of ocean physics, biogeochemistry and ecology (with the latter two currently being under sampled with continuous methods), 278 

enhanced sampling capabilities during the winter and early spring season, as well as spatially increased data collection by a 279 

wider involvement of ships of opportunity. This recommendation could be addressed by specific funding via SIOS access and 280 

optimisation calls that provide access to existing infrastructure and aid the development of new infrastructure. Homogeneous 281 

data collection in disparate areas and by various teams could be ensured by a  dedicated programme for harmonisation of 282 

marine measurements around Svalbard. To fulfil this need, marine infrastructure network workshops have been organised by 283 
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SIOS, encouraging further cooperation on joint scientific programs. This network would be well suited to develop a handbook 284 

of best practices for ocean observing approaches and data management. The four most essential recommendations for marine 285 

ESS Observing System development were identified: (i) to extend the geographical and temporal coverage of research 286 

activities, (ii) to enhance year-round observations to resolve seasonal variability in the ocean, (iii) to support research activities 287 

exploring linkages between fjord, shelf and open ocean systems, and (iv) to establish long-term year-round monitoring of 288 

marine biota. 289 

34.1.4 Terrestrial 290 

Several recommendations relate to infrastructure, wider data collection and remote sensing. Measurements on varied spatial 291 

scales and development of models are mentioned frequently, but still need further implementation. Notably, there is no 292 

contribution on lake systems and just one recommendation for experimental design. Overall, there is a need for co-location of 293 

measurements to integrate various disciplines, temporal and spatial scales, experimental manipulations and to facilitate model-294 

based quantitative analysis. Current examples include the terrestrial flagship in Ny-Ålesund (Pedersen et al. 2022), the COAT 295 

program ofled by  the Norwegian Polar Institute (Ims et al., 2013),  and the Bjørndalen Integrated Gradients (BIG) studies 296 

initiated by the University Centre in Svalbard. COAT is a national ecosystem-based monitoring system of low and high Arctic 297 

terrestrial environments, developed as a joint effort by the Fram centre institutions already in 2013 before SIOS was initiated. 298 

COAT is now fully integrated into SIOS, and the two projects have received joint Norwegian infrastructure funding. These 299 

studies should further develop, with new methods and technologies facilitating more spatially and temporally extensive and 300 

high-resolution automated measurements of biological parameters. There needs to be a focus on long-term ecosystem-based 301 

monitoring to establish how various anthropogenic pressures affect the Arctic environment. Climate change is likely to 302 

transform Arctic terrestrial ecosystems beyond scientists’ current abilities to make predictions. Therefore it is important to 303 

have scientifically robust ecosystem-based, integrated systems to detect the fast changes from climate change, which is the 304 

overall overriding threat, on terrestrial ecosystems. 305 

34.2 Knowledge gaps and associated improvement potential in Svalbard Earth System Science 306 

In addition to these environment-specific recommendations, interdisciplinary and overall recommendations that all four SESS 307 

environments have brought up have been identified, and further synthesised for increasing and improving the interdisciplinarity 308 

of SIOS.  309 

With Svalbard experiencing the largest ongoing warming in the Arctic and worldwide and with the closely associated further 310 

environmental changes, this puts SIOS in a unique position to provide coordinated datasets to investigate ongoing processes 311 

in the Earth-system in a coupled manner. SIOS can quantify and understand in detail all physical processes that ultimately 312 

warm the atmosphere, turning ice into water with all the resulting consequences this has on the entire Earth System. This 313 

warming is controlled by the atmosphere and changes in ocean currents and impacts the cryosphere, as well as the terrestrial 314 
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and marine environments. By using the entire observation network of SIOS to perform a full-scale study of all the processes 315 

which impact Earth System dynamics controlling the water cycle, a major potential for increasing the understanding of key 316 

mechanisms in the Earth System has been identified. Such a study has potential to provide large knowledge gain, and thus 317 

further the understanding of effects on the Svalbard Earth System. 318 

Many cross-cutting individual SESS recommendations indicate the relevance and need of atmospheric parameters and 319 

observations for studying the other environments in SIOS. Also, cross-cutting actions between the atmosphere, hydrosphere 320 

and cryosphere have been indicated as areas of clear interest. Influences on the upper atmosphere from within the Sun-Earth 321 

system, unique to the polar regions, have been shown to effect ozone depletion down to stratospheric altitudes (30km) and that 322 

this may become more prominent with climate change (Maliniemi et al. 2020). In turn, lower atmospheric processes, such as 323 

waves and tides, can influence the dynamics and behaviours of the upper atmosphere (Stober et al. 2021). The degree of 324 

influence is a topic of debate, with global models failing to reproduce some of the observed effects (e.g., Oliver et al. 2013, 325 

Cnossen 2020). Precipitation and wind action in the lower atmosphere result in long- and short-range transport of dust and 326 

aerosols and accumulation of black carbon on snow and glaciers. Arctic terrestrial ecosystems, such as vegetation and its 327 

components, and microbial communities, are impacted by air temperature, wind and precipitation, all of which are directly 328 

controlled by   the atmosphere. For instance,  spectral characteristics of downwelling flux influence vegetation and microbial 329 

community. Melting of snow and glaciers, coupled with thawing of permafrost (and an increase in active layer depth),, supply  330 

water, sediment, microbes and aqueous chemical species through the terrestrial environment into the marine environment, via 331 

the hydrological system. The pathway from cryosphere though terrestrial to marine thus links all spheres in SIOS. Thus, all 332 

these identified cross-cutting topics clearly hashave large potential if coordinated to fill the identified knowledge gap of the 333 

water cycle and its consequences. 334 

With the bottom-up approach of the SESS contributions, the development of a perspective from within the four environments 335 

was clearly a very natural starting point for synthesising. To start increasing the interdisciplinarity and cross-cutting nature of 336 

SIOS, a next step is to increase the dialogue between the different environments. Potentially, dedicated workshops on specific 337 

topics such as radiative forcing between two or more SIOS environments could be a starting point. Such workshops should 338 

also be tasked with pointing out optimal observations needed for datasets to fill and address the overall identified cross-cutting 339 

knowledge gap. 340 

Additionally, all environments of SIOS depend on obtaining better spatial and temporal coverage of observations in and around 341 

Svalbard. This can be achieved through increased and coordinated instrument deployments that better cover the 342 

physiographically different regions of Svalbard including various landscape/seascape/icescape types and boundaries between 343 

them (e.g., the coastal zone). As warming is greatest in the eastern part of the Svalbard area (Isaksen et al., 2022), it is the 344 

ambition to expand the SIOS observation system to also cover the eastern and northern part of Svalbard. Given the high 345 

ambition for preserving these relatively untouched parts of the archipelago of Svalbard, such expansion might have to be 346 

mainly based on remote sensing observations and/or dedicated supersites based mainly on the use of new low-maintenance 347 
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technology. For example, the findings regarding Arctic vegetation and its climatic control by Bjorkman et al. (2020) highlight 348 

the need for more geographically widespread, integrated, and comprehensive monitoring efforts that can better resolve the 349 

interacting effects of warming and other local and regional ecological factors. In this case, studies across the entire vegetation 350 

zonation of Svalbard are important to fully understand the effects of climatic changes to the entire flora of the different Arctic 351 

vegetation zones. The spatially distributed network approach by COAT with large spatial and temporal coverage and co-352 

location of measurements covering the terrestrial above-ground food web is another example. COAT measures vegetation 353 

from 57 module stations covering large parts of Nordenskioldsland, Isfjorden and Brøggerhalvøya in central Svalbard. There 354 

is a clear need across all the environments for special focus on the autumn and spring periods. 355 

While the current focus on the major science hubs represents a disadvantage in terms of covering more different areas and 356 

habitat types as detailed above, there is clear potential identified for co-location of all the different types of observations from 357 

all parts of the ESS, this way developing real supersites. This should complement existing infrastructure, with a high level of 358 

coordination, long-term planning, and funding. It would have the advantage of fewer sites to maintain, allowing for a more 359 

sustainable observation system. It would also allow for focusing on much closer collaboration on new methods and 360 

technologies across SIOS, with a potential for more efficient sharing of knowledge. Knowledge gained from the supersites 361 

may be used to guide the selection of a subset of measurement types for observations with higher spatial and temporal coverage. 362 

An ambitious tool identified is dedicated method-based action forces, that would make SIOS able to respond quickly to extreme 363 

events such as solar storms, sudden stratospheric warmings (SSWs), glacial lake outburst floods (GLOFs) or various 364 

meteorological extremes, such as rainstorms and avalanches, the latter of which are also highly relevant to be able to perform 365 

a full-scale study of the water cycle changes and its consequences. 366 

Likewise, the need for real-time access to SIOS observations are important, particularly for extreme events, for increasing the 367 

return of data from desirable but high-risk deployments (such as moorings or instruments near or on surging glaciers, or rocket 368 

launches into specific atmospheric phenomena), but also for more widespread use of the SIOS data. 369 

4.5. Discussion and conclusion 370 

This synthesis of knowledge gaps based on the first four years of operation of the Svalbard Integrated Arctic Earth Observing 371 

System (SIOS) builds on a unique and strong international collaboration. No other observing system exists which is this wide-372 

ranging, covering all part of ESS within a specific regional area, yet at the same time supported so widely internationally and  373 

so well-coordinated. When developing a full-scale Earth science observation system as SIOS, with the comprehensive full 374 

scale ESS ambition that SIOS has, it is very natural for researchers within the individual disciplines and even subdisciplines 375 

to first start working closer together before being able to focus more on the interdisciplinarity necessary for performing full-376 

scale ESS analysing how the observed parameters influence each other. This is clearly the case for SIOS after the first four 377 

years of operation.      378 
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Ways to accommodate this important next step include the implementation of above-mentioned workshops on interdisciplinary 379 

topics as well as the development of supersites. Also, a workshop across all of SIOS working groups is planned to increase the 380 

collaboration and interdisciplinarity of SIOS. Hopefully also scientific collaboration between two environments might start 381 

being more developed in SIOS, such as already developed in the fully ecosystem-based observation system of COAT 382 

combining climate and ecology, designed to observe, understand and predict outcomes from climate change (drivers) on tundra 383 

ecosystems (Ims & Yoccos, 2017). In addition SIOS is operating training activities in the form of small courses on different 384 

key SIOS observation techniques, SIOS data availability and SIOS remote sensing opportunities for all interested. Increased 385 

interdisciplinarity can also be obtained by further developing the major science hubs in Svalbard into real supersites 386 

complementing existing infrastructure allowing even closer collaboration on particular new technologies and methods 387 

including real-time access to observations across SIOS. Just as obtaining better spatial and temporal observation coverage in 388 

and around Svalbard, including the physiographically different regions of Svalbard, both the various land-, sea- and icescapes 389 

and boundaries between them in the coastal zone, would lead to increased potential for interdisciplinarity. 390 

Other ways forward will be to increase the use of the SIOS observations through the SIOS data catalogue for Earth System 391 

modelling, to obtain improved process understanding that bridges science disciplines. This will demand working to expand 392 

the SIOS community with modellers from different scientific fields, just as increased collaboration between modellers and the 393 

observational groups in SIOS needs to be established to enable observing at the relevant scales and resolutions, and of missing 394 

parameters. The Earth system modelling community could make little use of high resolution regional data in the early stages 395 

of SIOS but presently as model resolution approaches sub-regional scales it becomes increasingly relevant to utilise models 396 

for observation design as well as accrued data to calibrate and verify model output. The SIOS Observation Facility Catalogue 397 

and the Research in Svalbard database are important tools for developing interdisciplinarity in Svalbard ESS. Just as the SESS 398 

reports are also an integral part of the strategic development of the observing system, called the SIOS science wheel. This 399 

bottom-up approach, which is complemented with rising societal needs and member priorities, leads to the outcomes from the 400 

SIOS scienceScience wheel. (Fig. 3). In addition, the harmonised SIOS core data, new research infrastructure and research 401 

projects are all innovations leading to increased interdisciplinarity, highly encouraged through the SIOS optimization and 402 

access calls. Finally, SIOS offers innovation awardsInnovation Awards to encourage further developing, also high risk – high 403 

gain, technological and/or other ESS key activities that address knowledge gaps identified by the SIOS community.  404 

Further, as Svalbard is experiencing the largest ongoing warming in the Arctic and worldwide, this puts SIOS in a unique 405 

position to perform a full-scale study of all processes impacting ESS dynamics controlling the water cycle using all parts of 406 

the SIOS observation network, with large potential for increasing the understanding of key mechanisms in the Earth System. 407 

The clear identification of a joint scientific focus, studying the water cycle changes and its consequences using all parts of the 408 

SIOS ESS observation network, will function well also as a focal point for cross-disciplinary work. Despite a disciplinary 409 

focus, snow, precipitation and hydrology have been identified as overlapping topics in many SESS contributions, but not 410 

prominent in the marine environment. These topics are therefore connected to all environments primarily on land, but observed 411 
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and treated in different ways within the different environments. This is important for the identified scientific focus on the 412 

changing water cycle. Hence, SIOS has potential to develop a multidisciplinary study with data products and modelling 413 

approaches based on the variety of observations that is being collected and supplement this with additional necessary new 414 

observations leading to increased Earth System understanding of current and future dynamics. 415 

There is also a need for increased regional collaboration using SIOS in scales broader than just Svalbard, when aiming for full 416 

Earth System understanding within the Arctic. This means collaborating primarily with the rest of the Arctic. The international 417 

‘Sustaining Arctic Observing Networks’ (SAON) is the regional facilitator aiming at coordinating, improving, integrating and 418 

sustaining pan-Arctic observations during rapid environmental and social change, with a main focus on specifically addressing 419 

key gaps in coordination (Starkweather et al., 2021). With SIOS in the warmest part of the Arctic, and the largest climatic 420 

gradient in the high Arctic existing between Svalbard and cold North Greenland, closer collaboration with Greenland could be 421 

a first natural step. In Greenland, the main aim of the ‘Greenland Integrated Observing System’ (GIOS), https://gios.org/) is 422 

to resolve and understand the mechanisms behind climate and environmental change in Greenland and beyond. GIOS is 423 

developing a network of sustainable long-term research infrastructures in and around Greenland observing the changing air, 424 

ice, land, and ocean conditions. GIOS is, as opposed to SIOS, a national research infrastructure linking all institutions and 425 

universities currently carrying out Arctic research in the Danish Realm. SIOS and GIOS have started discussing to increase 426 

theincreasing collaboration within research, higher education and logistics. Interhemispheric co-operation is also another 427 

obvious step with networks in the Antarctic Region such as SCAR (Scientific Committee on Antarctic Research),) as an 428 

obvious collaboration partner. Initiatives in specific disciplines, such as GRAPE (Global Navigation Satellite System Research 429 

and Application for Polar Environment) are already in place. The research outlined through SIOS would benefit from being 430 

part of global observing systems such as the SuperDARN (Super Dual Auroral Radar, Chisham et al. 2007) atmospheric 431 

network. Such global networks, with commensurable data products, allow regional effects to be placed in a global context. 432 

SIOS is making use of the Earth Observing System (EOS) program of NASA with its different satellite missions and scientific 433 

instruments comprised of a series of coordinated polar-orbiting satellites designed to monitor and understand key components 434 

of the climate system and their interactions through long-term global observations of the land surface, the biosphere, 435 

atmosphere and oceans (Platnik, 2022). This also enables direct comparison between Svalbard and particularly the rest of the 436 

Arctic, of the different ESS components which are being remotely observed. To make best use of this data, links between 437 

existing EOS data needsneed to be established, and data need to be available in formats that global Earth system modelling 438 

can make use of. 439 

Finally, many of the observations collected by regional observation systems like SIOS have large potential to add to improved 440 

understanding of how people living in the Arctic are affected by climatic changes in many different ways (e.g., by landslides, 441 

avalanches, coastal erosion). Such understandingCOAT has a clear goal of providing management relevance. Clearly, also 442 

SIOS can assist humans and societies to develop management of climate change impacts. Such assistance is needed for 443 
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developing resilience and adaptation to enable Arctic communities to deal with the consequences of the ongoing climatic 444 

changes. Presently, with the move towards involving local communities directly in climate change observations and research, 445 

this might place SIOS in a new role as also contributing more directly to societal needs. 446 
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4.3. Figures 556 

Figure 1. The meteorological record from the Longyearbyen area is composed of the homogenised data series from the 557 

Norwegian Meteorological Institute (1898-2022). 558 

  559 
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 560 

Figure 2. SIOS observation infrastructure in Svalbard, with the three main science hubs Longyearbyen, Hornsund and 561 

Ny-Ålesund inset to present all the various types of observations in more detail. 562 

  563 
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 564 

Figure 3: SIOS Science wheel that provides an overview of developing the observing system for many uses and 565 

users. 566 

  567 
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4. Tables 568 

Atmosphere Cryosphere Marine Terrestrial 

Support continued 

funding of large scale, 

multi-disciplinary 

infrastructure, such as 

the Svalbard SuperDARN 

radar 

 
Science based 

coordination of 

the 

cryospheric 

observations 

 
Development of the 

marine environmental 

observing 

infrastructure - 

autonomous 

observational sites 

Focus on co-location of 

basic cryospheric 

observations and 

subsequent long-term 

studies on biota at similar 

spatial and temporal scales 

Provision of data 

management and online 

open access portal to 

facilitate easier sharing of 

datasets 

 
Integrated 

SIOS 

observations 

supersites 

 

Provision of new 

datasets by 

e.g., enhancing 

measurement 

capabilities 

Focus on new methods and 

technologies using 

automated sensors, animal 

trackers and 

cameras 

Better harmonisation of 

the geographical and 

temporal coverage of 

atmospheric observations 

and applying standardized 

observation methods 

 
Common 

cryospheric 

methodologic

al 

infrastructure 

priorities 

Harmonised 

methodologies for in 

situ observations and 

data harmonisation 

Develop model-based 

quantitative analyses of 

ecosystem processes using 

SIOS datasets 

 

Enhance the spatial scale 

of the atmospheric 

observational network 

 
Establish SIOS 

action force 

for extreme 

events 

Support for research 

exploring linkages 

between fjord, shelf 

and open ocean 

systems 

 

Develop interphases 

between monitoring-based 

ecosystem science and 

end-users 

Table 1. Key synthesised recommendations identified with the four environments of SIOS.  569 
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5. Supplementary information 570 

S1. Table of names, acronyms, countries and homepages of the 28 SIOS institutions 571 
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 572 

Institution full name Acronym Country Website 

Alfred Wegener Institute, Helmholtz 

centre for polar and marine research 
AWI Germany https://www.awi.de/ 

Andoya ASP Norway https://www.andoyaspace.no/ 

Geological Survey of Norway NGU Norway http://www.ngu.no/en/ 

Institute for Atmospheric and Earth 

System Research of the University of 

Helsinki 

INAR Finland 

https://www.helsinki.fi/en/ina

r-institute-for-atmospheric-

and-earth-system-research 

Institute of Geophysics, Polish 

Academy of Sciences 
IG PAS Poland 

http://www.igf.edu.pl/home.p

hp 

Institute of Marine Research IMR Norway http://www.imr.no/en 

Korea Polar Research Institute KOPRI 
Rep. of 

Korea 
https://eng.kopri.re.kr/ 

NILU NILU Norway https://www.nilu.no/ 

Norwegian Research Centre AS NORCE Norway 
https://www.norceresearch.n

o/en/ 

NORSAR NORSAR Norway https://www.norsar.no/home/ 

Norwegian University of Science and 

Technology 
NTNU Norway https://www.ntnu.edu/ 

Nansen Environmental and Remote 

Sensing Center 
NERSC Norway https://www.nersc.no/ 

National Centre for Polar and Ocean 

Research 
NCPOR India http://www.ncaor.gov.in/ 

National Institute for Polar Research NIPR Japan 
http://www.nipr.ac.jp/english

/ 

National Research Council of Italy CNR Italy https://www.cnr.it/en 

Norwegian Institute for Nature 

Research 
NINA Norway https://www.nina.no/ 

Norwegian Institute for Water 

Research 
NIVA Norway https://www.niva.no/en 

Norwegian Meteorological Institute 
MET 

Norway 
Norway https://www.met.no/en 

Norwegian Polar Institute NPI Norway http://www.npolar.no/en/ 

Norwegian Water Resources and 

Energy Directorate 
NVE Norway https://www.nve.no/english/ 

Swedish Polar Research Secretariat SPRS Sweden https://polar.se/en/ 

The Norwegian Geotechnical Institute NGI Norway https://www.ngi.no/ 

The University Centre in Svalbard UNIS Norway https://www.unis.no/ 

The Arctic University of Norway UiT Norway https://en.uit.no/ 

University of Bergen UiB Norway http://www.uib.no/en 

University of Groningen UG Netherlands https://www.rug.nl/ 

University of Oslo UiO Norway http://www.uio.no/english/ 

University of Silesia, Poland US Poland http://english.us.edu.pl/ 

https://sios-svalbard.org/node/95
http://www.ngu.no/en/
https://sios-svalbard.org/node/112
https://sios-svalbard.org/node/112
https://sios-svalbard.org/node/112



