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Dedication

In memory of two great scientists and friends

This report is dedicated to two outstanding scientists who both played significant roles in major AMAP climate change assessments: 
Dr. Robert Correll as the leader of the first Arctic Climate Impact Assessment and Dr. Terry Prowse as a leader in the first Arctic 
Freshwater Synthesis.

Dr. Bob Corell was a towering figure in Arctic science and global climate leadership, whose 
legacy has profoundly shaped our understanding of a changing planet. A true pioneer, Bob 
spent more than half a century working in and for the Arctic, translating complex science 
into action and making the urgency of Arctic change understood by decision-makers 
around the world. As the leader of the first Arctic Climate Impact Assessment, published in 
2005, he set a gold standard for collaboration, integrity, and scientific excellence. His work 
laid the foundation for generations of research and policy, bridging the often-fragmented 
worlds of science, governance, and society.

But Bob was far more than a brilliant scientist—he was a deeply kind and generous soul. 
His warmth, curiosity, and joy in conversation made him unforgettable. Whether sitting 
around a conference table or swapping stories with a glass of rum, he made everyone feel 
valued. He had an uncanny ability to bring people together—across disciplines, cultures, 

and generations. He believed in the power of collaboration and was a true champion of inclusivity, elevating Indigenous voices 
and early-career researchers long before it became a common priority. His support helped launch countless careers, and his 
encouragement has echoed across institutions and generations.

Above all, Bob was a mentor, a connector, and a friend. His laughter was infectious, his stories legendary, and his wisdom both 
deep and generously shared. He brought light and levity to the most complex challenges, always grounded in purpose and hope. 
We honor his immense contributions to science and society, but even more, we cherish the way he made us feel—seen, inspired, 
and motivated to do better. This update to the Arctic Climate Impact Assessment stands not only on the foundations he built 
but also in the spirit he embodied: collaborative, compassionate, and committed to making the world better for all who call the 
Arctic home.

“We do this work not just for the science—but for the people, for the future. That’s what drives us.”

— Dr. Robert W. Corell

Dr. Terry Prowse worked as a Research Scientist for Environment and Climate Change 
Canada (ECCC) for nearly 35 years. His research centered on cold regions hydrology, with a 
focus on river ice, lake ice and snow, as well as impacts of climate change on water resources. 
He made significant contributions to the AMAP program and the fields of circumpolar 
cold regions climate and hydrological science. His legacy is far-reaching, shaping research, 
policy, and education in Canada and globally.

Dr. Prowse was a pioneer in the study of the terrestrial cryosphere—encompassing snow, 
permafrost, and river and lake ice—advancing our understanding of the hydro-ecological 
and societal impacts of climate and cryospheric change. His leadership extended across 
scientific societies, advisory roles, editorial boards, and mentorship, where he guided 
numerous graduate students and early-career scientists. He championed collaboration and 
transdisciplinary approaches to tackling national and global water and climate challenges.

His contributions to major scientific assessments, led by organizations such as AMAP, WMO-CliC, IASC, ICARP, UNESCO-
IHP, and the IPCC, earned him widespread recognition. Among his many accolades were governmental awards, an Honorary 
Doctorate from the University of Waterloo for his contributions to northern hydrology, and a shared Nobel Peace Prize as a lead 
author of the Polar Regions chapter in the 2007 IPCC assessment.

Dr. Prowse mentored multiple scientists in ECCC, supervised Master’s and PhD students over the years and was a strong 
proponent of students gaining field experience. With over 28,000 citations and counting, Dr. Prowse’s impact will continue 
to inspire future generations of hydrological, ecological and climate scientists dedicated to understanding and protecting our 
planet’s cryospheric and water resources and associated freshwater ecosystems. AMAP remains deeply grateful for his enduring 
friendship, camaraderie, and dedication to advancing its mission.
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Preface

This report presents the findings of the Arctic Climate Change 
Update 2024: Key Trends and Impacts prepared by the Arctic 
Monitoring and Assessment Programme (AMAP). This 
report is a follow-up to the Arctic Climate Change Update 
2021: Key Trends and Impacts and is the second in a series 
of AMAP climate update reports that highlight key climate 
issues of concern and provide brief and timely updates on 
topics previously covered in depth in past AMAP assessments. 
The current report updates information on topics covered 
in the 2021 climate update report and also updates topics 
covered in previous AMAP assessments of Arctic Ocean 
acidification and climate-related changes in terrestrial 
hydrology. This report, like others in the series, is intended 
as a means for AMAP to provide current information on key 
climate topics of concern on a regular basis (every two to 
three years), while working simultaneously on longer, more 
comprehensive assessments.

Preparation of this report was coordinated by the AMAP 
Climate Expert Group (CEG). The CEG maintains an 
overview of climate issues and the coordination of climate-
related activities and reports, ensuring that AMAP maintains 
momentum on climate work and can provide information on 
climate issues on a regular basis.

This 2024 report was prepared between 2022 and 2024 by an 
international group of 60 scientists, experts, and knowledgeable 
members of the Arctic Indigenous communities, as represented 
within the Arctic Council through the Permanent Participant 
organizations. Lead authors were selected by an open 
nomination process coordinated by AMAP in collaboration 
with several national and international organizations. A team 
of coordinating lead authors for the seven substantive chapters 
was responsible for scientific oversight and coordination of all 
work related to the preparation of this report. 

An international peer review process was established by AMAP 
and coordinated by Keith Alverson, Executive Director of 
the Climate and Cryosphere Project (CliC) under the World 
Climate Research Programme (WCRP), assisted by Narelle van 
der Wel, liaison officer to CliC at WCRP. Peer reviewers were 
chosen from an extensive international nominations process 
to independently review the draft chapters of the report. 
Documentation is available from the AMAP Secretariat on this 
process and the outcome, including listings of the comments 
received from the peer reviewers and how they were addressed.

Information contained in this report is fully referenced and for 
most of the chapters is based mainly on research and monitoring 
efforts published since 2021. The report includes peer-reviewed 
material accepted for publication up until February 2024, and 
in some cases later. Unpublished monitoring information, 
including both in situ and satellite observations with well-
established national and international standards and quality 
assurance / quality control protocols, is also included. All such 
references have been collected and are available upon request 
(at cost of reproduction) from the AMAP Secretariat. Care has 
been taken to ensure that no critical probability statements are 
based on these materials.

Access to reliable and up-to-date information is essential for 
the development of evidence-based decision-making regarding 
rapid and ongoing changes in the Arctic and their global 
implications. Accordingly, this technical report formed the 
basis for a product that focuses on the more policy-relevant and 
action-oriented conclusions and recommendations, namely, the 
AMAP Climate Change Update 2024: Key Trends and Impacts 
Summary for Policy-makers (Summary for Policy-makers). The 
Summary for Policy-makers was released in association with 
the 14th Meeting of the Arctic Council in May 2025. The lead 
authors have confirmed that the Summary for Policy-makers 
accurately and fully reflects the 2024 technical report. The 
present report constitutes the fully referenced scientific basis for 
all statements made in the Summary for Policy-makers. Both 
reports (the 2024 technical report and the associated Summary 
for Policy-makers) are available from the AMAP Secretariat 
and on the AMAP website (www.amap.no).

AMAP would like to express its appreciation to all experts 
who have contributed their time, effort, and data to this 
assessment, with particular gratitude to the chapter lead 
authors and members of the Climate Expert Group who 
coordinated the production of this report. Thanks are also 
due to the many referees and reviewers who contributed to 
the peer-review process and provided valuable comments 
that helped to ensure the quality of the report. A list of the 
main contributors is included at the start of each chapter. The 
list is not comprehensive. Specifically, it does not include the 
many national institutes, laboratories and organizations, and 
their staff that have been involved in the various countries. 
Apologies, and no lesser thanks are given to any individuals 
unintentionally omitted from the list. 

The support of the Arctic nations, Arctic Indigenous Peoples, and 
non-Arctic countries implementing research and monitoring in 
the Arctic is vital to the success of AMAP. The AMAP work is 
essentially based on ongoing activities within these countries, 
including on the lands or territories of Indigenous Peoples. 
The nations, Permanent Participants, and other countries and 
organizations also provide the necessary support for most of the 
experts involved in the preparation of the AMAP assessments. 
In particular, AMAP would like to thank Canada, the Kingdom 
of Denmark, and the Norwegian Ministry of Foreign Affairs for 
their financial support to this work, and to sponsors of programs 
and projects that have delivered data for use in this report. The 
AMAP Working Group is pleased to present this report to the 
Arctic Council and the international science community.

John E. Walsh (Climate Expert Group Lead until February 
2024); CEG co-leads: Johanna Mård, Rasmus E. Benestad, and 
(since September 2024) Julie Brigham-Grette 

Sarah Kalhok Bourque (AMAP Chair)

Rolf Rødven (AMAP Executive Secretary)

Tromsø, October 2024

Disclaimer: The views expressed in this peer-reviewed report are 
the responsibility of the authors of the report and do not necessarily 
reflect the views of the Arctic Council, its members or its observers.
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1. Introduction

Lead authors: Johanna Mård, Rasmus E. Benestad, Janet Pawlak

Contributing authors: Jason E. Box, James Overland, Mark Parrington, Muyin Wang

1.1 The 2024 update report 

This report by the Arctic Monitoring and Assessment 
Programme (AMAP) is the second in an anticipated series 
of climate update reports. It presents an update of findings in 
relation to various issues selected from the most recent climate 
update report, AMAP Arctic Climate Change Update 2021: Key 
Trends and Impacts (AMAP, 2021), as well partial updates of 
several previous climate-related assessments: Snow, Water, Ice 
and Permafrost in the Arctic (SWIPA) 2017 (AMAP, 2017a), 
AMAP Assessment 2018: Arctic Ocean Acidification (AMAP, 
2018a), as well as The Arctic Freshwater System in a Changing 
Climate (CliC/AMAP/IASC, 2016), which synthesized the 
then-current understanding of Arctic freshwater sources, 
fluxes, storage and effects.

The present report updates information for various time periods 
depending on the date of the most recent coverage of the topic 
concerned. Thus, for Chapter 2, an expanded suite of Arctic 
climate indicators has been updated from 2021. Chapter 3 on 
Arctic extremes, Chapter 4 on wildfires, and Chapter 8 on 
Arctic/midlatitude weather linkages also update material from 
the 2021 report. Chapter 5 on the cryosphere updates material 
mainly from 2017; Chapter 6 on Arctic freshwater hydrology 
from 2016; and Chapter 7 on Arctic Ocean acidification 
from 2018. 

1.2 Previous AMAP climate assessments 

Mandated by the Arctic Council to monitor and assess the state 
of the Arctic environment and climate, AMAP produced its first 
assessment of Arctic climate change and its impacts as part of a 
comprehensive State of the Arctic Environment Report (AMAP, 
1997, 1998). The findings of the 1998 assessment led the 
Arctic Council to initiate an independent and comprehensive 
assessment of Arctic climate change and its impacts – the Arctic 
Climate Impact Assessment (ACIA). This was undertaken by 
AMAP in cooperation with the Arctic Council Working Group 
on the Conservation of Arctic Flora and Fauna (CAFF) and the 
International Arctic Science Committee (IASC). The resulting 
Arctic Climate Impact Assessment (ACIA, 2005) and its derivative 
Impacts of a Warming Arctic (ACIA, 2004) documented Arctic-
wide warming and ongoing changes in Arctic snow, water 
and ice conditions that were impacting Arctic ecosystems and 
human living conditions. It also highlighted the potential global 
impacts of Arctic climate change.

Focusing on climate-related changes in the Arctic cryosphere, 
AMAP published its third Arctic climate assessment in 2011: 
Snow, Water, Ice and Permafrost in the Arctic (SWIPA): Climate 
Change and the Cryosphere (AMAP, 2011). This was followed by 
the fourth Arctic climate assessment: a follow-up Snow, Water, 
Ice and Permafrost in the Arctic (SWIPA) 2017 report (AMAP, 

2017a), as noted above. These changes in the cryosphere were 
found to cause fundamental changes in the Arctic ecosystems, 
which will have important implications for Arctic livelihoods 
and living conditions. The two SWIPA assessments highlighted 
regional and global-scale climatic interactions caused by 
changes in the Arctic cryosphere and the cascading climate 
change impacts, while recognizing that climate change is not 
the only driver of change in the Arctic. 

As a parallel activity to SWIPA 2017, three regional reports 
were prepared under the Adaptation Actions for a Changing 
Arctic (AACA) project to provide information on adaptation 
actions that could be taken based on assessments of drivers 
of change and resultant impacts. The three regions were the 
Barents area (AMAP, 2017b), the Baffin Bay / Davis Strait 
region (AMAP, 2018b), and the Bering-Chukchi-Beaufort 
region (AMAP, 2017c).

1.3 Purpose of climate update reports 

Major climate assessments require substantial efforts and, 
consequently, a lengthy timeframe for their completion, 
resulting in production intervals of five years or more between 
assessments. The last overall climate assessment was the SWIPA 
2017 assessment. Given the rapid changes occurring in the 
Arctic and globally, AMAP decided that a mechanism should be 
created to prepare shorter, more timely climate update reports 
to cover key issues of concern identified by AMAP climate 
experts, preferably on a biennial basis, which would serve to 
provide more frequent information on key aspects of climate 
change and their impacts in the Arctic.

The first climate update report, AMAP Arctic Climate Change 
Update 2021: Key Trends and Impacts (AMAP, 2021), covered 
‘climate issues of concern’ that had been identified in the SWIPA 
2017 assessment. Updates of issues identified in SWIPA 2017 
covered in the 2021 climate update report included Arctic 
extremes, Arctic/midlatitude weather connections, time 
series of key Arctic climate indicators, and the evaluations 
of outcomes of the CMIP6 (Coupled Model Intercomparison 
Project Phase 6) models. The 2021 report also included an initial 
basis for a new, major assessment of the impacts of climate 
change on Arctic ecosystems, focusing on marine and terrestrial 
ecosystems, including connections to the coast, and associated 
feedbacks of these changes to the climate. Another chapter 
provided an initial consideration of societal implications of 
climate change, as a first step to a broader consideration of this 
issue in the assessment period 2023–2027.

As noted above, this second climate update report provides 
updates for the 2021 chapters covering the time series of key 
Arctic climate indicators, Arctic extremes, Arctic/midlatitude 
weather connections, and wildfires, as well as longer-term 
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updates on the cryosphere, Arctic terrestrial hydrology, and 
Arctic Ocean acidification. This report has been prepared in 
parallel with the initial phases of two major climate-related 
assessments currently under way: the AMAP assessment of 
Societal Implications of Climate Change in the Arctic (SICCA) 
and the AMAP/CAFF assessment of Climate Change Impacts 
on Arctic Ecosystems and Associated Climate Feedbacks. 

1.4 Geographical delineation

The geographical delineation of the Arctic as used in the SWIPA 
assessment and in this report is based on that adopted by AMAP 
(Figure 1.1). The ‘AMAP area’ essentially includes the terrestrial 
and marine areas north of the Arctic Circle (66°32’N), and 
north of 62°N in Asia and 60°N in North America, modified 
to include the marine areas north of the Aleutian Islands chain, 
Hudson Bay, and parts of the North Atlantic Ocean including 
the Labrador Sea. However, for certain chapters there has 
been some deviation from this delineation depending on the 
topic covered.

1.5 The process background

Preparation of the 2024 report involved over 56 scientists 
and experts from Arctic and non-Arctic countries. All were 
nominated by national and relevant international bodies and 
selected on the basis of scientific qualifications by appointed 
convening lead authors. These experts were charged with 
compiling and evaluating information from Arctic monitoring 
networks, published literature, and recent national and 
international research activities. 

Each chapter was drafted by individuals with relevant expertise 
from different scientific disciplines and geographical areas. A 
lead authors group, comprising the convening lead authors for 
each chapter, was responsible for the organization and overall 
accuracy of the assessment.

This assessment report is fully referenced and peer reviewed. 
The assessment is based on the peer-reviewed scientific 
literature as well as on new results obtained using well-
documented models and observational methods. The 
peer-reviewed observations, methods, and studies used in 
the assessment in many cases include contributions from 
Indigenous, traditional and local knowledge; it is recognized 
that this approach does not necessarily capture all relevant 
knowledge held by Arctic Indigenous Peoples, and other 
Arctic inhabitants.

Chapter authors have followed recommendations to promote 
the use of common terminology as far as possible. This 
included use of terminology associated with probability 
statements where discussion of future events and conditions 
needs to take into account the likelihood that these conditions 
or events will occur. To ensure consistency of the summarized 
material, the procedures used by ACIA and the two SWIPA 
reports (as refined from those of the Intergovernmental 
Panel on Climate Change) were used throughout this report 
(see Figure 1.2). Statements regarding the likelihood that 
particular events or conditions will occur reflect expert 
evaluation of peer-reviewed results, typically from multiple 
lines of evidence.

The statements and assessments presented in this report were 
subject to a comprehensive review process, which involved 
national experts that contributed data and information 
to the assessment. These national experts verified that the 
interpretation of their data was correct and acceptable to the 
primary sources. A rule-based, independent international peer-
review process was established by AMAP and coordinated 
by the World Climate Research Program Climate and 
Cryosphere Project (CliC) and its Executive Director Keith 
Alverson to secure and document the integrity of the process. 
Documentation of the results of the peer-review process applied 
to this report is available on the AMAP website (www.amap.no).

Likelihood 100%0%

“Very
Unlikely”

or
“Little

Chance”

“Unlikely”
or

“Some
Chance”

“Likely”
or

“Probable”

“Very Likely”
or

“Very
Probable”

“Possible”

Figure 1.1 The Arctic, as defined by AMAP and as used in this report.

Figure 1.2 Five-tier lexicon 
describing the likelihood of 
expected change.
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1.6 �What will readers find within 
each chapter?

The report contains eight chapters including this introduction. 
A brief description of each chapter follows. 

Chapter 2 presents an overview of Arctic climate change 
insights from an expanded collection of observational climate 
indicators, building on previous work (Box et al., 2019, 2021; 
AMAP, 2021), with the six added years marked by new record-
setting years for air and permafrost temperatures, wildfires, 
regional sea-ice minima, and land-ice loss. It also includes 
information about future Arctic climate projections based on 
CMIP6 models. 

Chapter 3 considers underlying conditions that are resulting 
in the occurrence of extreme events beyond previous records, 
i.e., events beyond anything that has happened historically, 
and documents several such recent extreme events in Arctic 
and subarctic areas. Many recent Arctic physical and biological 
extreme events are well beyond previous records. They vary by 
type, location, and season. In summer 2023 alone, there were six 
major events: record-shattering air temperatures, unprecedented 
wildfires, earlier than ever snow melt, exceptional Greenland ice 
melt, extreme sea temperatures, and low Alaskan salmon runs. 
Sixty-eight extreme weather events were recorded for 2022. 
These new behaviors represent an emergence phenomenon. 
Emergence occurs when multiple processes interact to produce 
new properties. The physics and biology of the Arctic can now 
be considered to be in a different state than fifteen years ago. 
These new states cannot be easily assigned forecast probabilities 
because they often have no historical analogues. Such diverse 
types of extremes form a consilience, the principle that evidence 
from independent, unrelated sources can converge as strong 
conclusions concerning Arctic change. Communities need to 
prepare for adaptation to such intermittent events.

Chapter 4 gives an overview of wildfires at Arctic and high 
northern latitudes. The chapter reviews recent research into 
the human- and climate-related drivers contributing to the 
observed year-to-year tendencies and variability, and how 
wildfires are impacting on the Arctic through landscape 
changes and the air quality / climate effects of wildfire smoke. 
Wildfires are a common feature of the Arctic landscape during 
summer months but are expected to increase in frequency 
and intensity as a result of increased fuel availability through 
poleward expansion of vegetation and permafrost thaw, warmer 
and drier conditions, and increased fire danger under climate 
change. Knowledge on ignition sources, which is one of the 
largest uncertainties in quantifying Arctic wildfires, continues 
to improve and will be improved further by incorporating 
more local knowledge, especially from Indigenous communities 
around the Arctic. The chapter also reviews the past two 
decades of satellite observations of Arctic and high latitude 
wildfires with a focus on large-scale persistent high latitude 
wildfires in 2021 and 2023.

Chapter 5 provides an update on findings regarding changes 
in the Arctic cryosphere components since the 2021 climate 
update report (AMAP, 2021) and, in the case of permafrost, 
since the SWIPA 2017 assessment (AMAP, 2017a). The chapter 
synthesizes recent knowledge on changes in the cryosphere, 

including key findings from the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change (IPCC, 
2021), and its Special Report on the Ocean and Cryosphere 
in a Changing Climate (IPCC, 2019). The Arctic is warming 
much faster than the global mean and the resulting changes 
in the cryosphere, such as thawing permafrost, reductions in 
snow and sea-ice cover, and reductions in land ice, can exert 
positive feedback effects on local and global climate systems. 
The various components of the cryosphere are each addressed 
in this chapter at both pan-Arctic and regional scales. There 
is a particularly extensive discussion on permafrost, owing to 
the increased focus on this component, and the lack of update 
on this component in the 2021 report. Analyses were based on 
observational data as well as model simulations, including the 
outputs from CMIP6 models.

Chapter 6 provides a partial update on climate change impacts 
on the Arctic terrestrial freshwater system as a follow-up to 
SWIPA 2017 (AMAP, 2017a) and The Arctic Freshwater System 
in a Changing Climate (CliC/AMAP/IASC, 2016), including 
underlying scientific papers associated with that report. 
The chapter focuses on climate-water interactions and key 
processes within the terrestrial hydrological domain, including 
precipitation and snow cover, impacts of permafrost thaw on 
hydrology, river discharge, surface water (lakes), river ice, lake 
ice, and contributions from land-ice reductions, with emphasis 
on observed changes and key drivers, as well as projected 
changes. The chapter also provides a summary of impacts on 
ecosystems and society from changing hydrological processes, 
to serve as input to the AMAP/CAFF assessment of Climate 
Change Impacts on Arctic Ecosystems and Associated Climate 
Feedbacks as well as to the AMAP assessment of Societal 
Implications of Climate Change in the Arctic (SICCA).

Chapter 7 updates knowledge concerning new scientific 
understanding of Arctic Ocean acidification since the AMAP 
Assessment 2018: Arctic Ocean Acidification (AMAP, 2018a), as 
well as observed trends in the Arctic seawater carbonate system 
and model (CMIP6) projections of future trends. The greatest 
global decline in pH continues to be projected for the Arctic 
Ocean. This reflects impacts from multiple stressors such as 
surface ocean warming, organic carbon from land, loss of sea ice 
and atmospheric carbon dioxide (CO2) uptake. How methane 
fluxes from the permafrost could impact ocean acidification 
is also addressed. Although projections show clear differences 
among Arctic sub-regions, model uncertainty is improved and 
shows an accelerated pace of ocean acidification as well as a 
deepening of the acidification signal. The chapter examines 
recent research into ecosystem hotspots and the response of 
key species to ocean acidification in the Arctic. The effects 
of ocean acidification are far reaching, with implications for 
changes in ecosystem function, biodiversity, and the structure of 
habitats, which in turn may challenge the population dynamics 
of species of critical importance to Indigenous livelihoods, 
health, and cultural practice. All model projection evaluations 
demonstrate that emission reductions can drastically slow the 
pace at which multiple drivers emerge or critical thresholds 
will be crossed. Intense mitigation strategies can also limit 
ecosystem exposure to potential warming and acidification 
stress during the 21st century.
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Finally, Chapter 8 contains a brief update on the rapidly 
evolving state of research on Arctic/midlatitude connectivity, 
as a follow-up to the 2021 climate update report (AMAP, 2021). 
Arctic/midlatitude weather linkages remain a central concern, 
impacting millions of people. Processes include local forcing 
such as sea-ice loss and internal atmospheric variability. Arctic 
amplification, driven by global warming as manifest by loss 
of sea ice, warming temperatures, and thawing permafrost, is 
an ongoing process modifying atmospheric weather patterns. 
Advancements note the movement of the polar vortex over 
continents, and a theory of atmospheric blocking that helps to 
explain the location, timing and duration of Arctic/midlatitude 
weather connections.

1.7 Next steps

This report documents the continuing rapid climate-related 
physical and chemical changes in the Arctic, including the 
increasing occurrence and severity of extreme events, often 
beyond the bounds of previous such events. As a climate update 
report, it is intended to serve as a review of recent information 
on the topics covered rather than a major assessment. The 
information in this report is also intended to be of use to 
decision- and policy-makers to enable them to understand 
the current climate-related conditions and their scope as 
a basis for the development of policies to respond to these 
changes. To this end, a plain language Summary for Policy-
makers has been prepared on the basis of the information in 
this report, which highlights the key findings and provides 
recommendations for further scientific work. It also contains 
policy recommendations addressed to Arctic states, Arctic 
Council Permanent Participants, and observer nations 
and organizations.
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2. Overview of multiple Arctic climate change indicators

Lead author: Jason E. Box

Contributing authors: Richard Bellerby, Rasmus E. Benestad, Uma S. Bhatt, Torben R. Christensen, Chris Derksen, Jennifer 
Francis, Sebastian Gerland, Ketil Isaksen, Johanna Mård, Jessica L. McCarty, Walter N. Meier, Lawrence Mudryk, Alexander 
Shiklomanov, Sharon L. Smith

2.1 Introduction 

Since 1979, the Arctic (here defined as the area north of 66.5°N) 
has warmed at least three times as fast as the global average 
(Rantanen et al., 2022). The decreasing temperature differential 
between the northern polar regions and the lower latitudes is 
increasing the persistence of weather extremes (Francis and 
Skific, 2015; Francis et al., 2020; Hoffmann et al., 2021) which, 
among other impacts, can elevate the risk of drought impacts 
for northern hemispheric breadbasket regions (Kornhuber 
et al., 2019). The amplified response of the Arctic versus global 
warming (e.g., Serreze et al., 2009; Previdi et al., 2021) results 
from numerous feedback processes mainly recognized through 
model studies, and which include changes in surface brightness 
(albedo) during the sunlit period, owing to losses of sea ice 
(Dai et al., 2019) and snow cover (Pulliainen et al., 2020); 
temperature profile feedbacks (Pithan and Mauritsen, 2014); 
increased downward infrared heating from increased humidity 
and clouds (Burt et al., 2016; Gong et al., 2017); increased 
poleward oceanic and atmospheric heat transport (Cai, 2005; 
Tsubouchi et al., 2020); and the effect of sea-ice thinning leading 
to less insulation between the warm ocean and cold atmosphere 
(Kurtz et al., 2011; Lang et al., 2017).

This chapter presents an overview of Arctic climate change 
insights from an expanded collection of observational climate 
indicators, building on Box et al. (2019, 2021) and AMAP 
(2021), with the six added years marked by new record-setting 

years for air and permafrost temperatures, wildfire, regional 
sea-ice minima, and land-ice loss. It also includes information 
about future Arctic climate projections.

2.2 Methodology

While homogeneous datasets for some variables begin before 
the 1980s, the focus here is on the 45-year period from 1979 
to 2023 when more information from satellite observations is 
available and instrumental records are more continuous. The 
chosen period of analysis encompasses the pronounced Arctic 
warming after the mid-1980s (Overland et al., 2004; Przybylak 
and Wyszyński, 2020). 

The results presented here are organized into sections addressing 
the atmospheric, terrestrial, and marine components of the 
Arctic climate system. These sections all refer to a single multi-
indicator graphic (Figure 2.1) that illustrates selected indicators 
alongside one another.

Use of the term ‘change’, ‘increase’ or ‘decrease’ here is 
synonymous with the term ‘trend’ and refers to the magnitude 
of linear trends assessed by the standard least squares regression 
(Chatterjee and Hadi, 2006) temporal slope multiplied by 
the time duration. Statistical ‘confidence’ is measured by the 
probability that there is a real correlation between two time 
series after a Student’s two-tailed t-test, estimated as 1 minus 
the probability (p) that there is an accidental match, i.e., 1 - p.

Key findings
•	 The Arctic climate system, as a cold-pole of the Earth’s 

planetary heat engine, has undergone profound physical 
changes since the mid-1980s. 

•	 The Arctic has warmed about three times as fast as that of 
the global average since 1979 owing to amplifying feedbacks 
in the climate system, but the exact estimate depends on the 
period chosen and is influenced by pronounced natural year-
to-year variations. 

•	 The greatest Arctic warming trends occur in the October-
through-May ‘cold season’ that sets the stage for the June-
through-September ‘heating season’ via thermal depletion of 
cold content in the ground and cryosphere (sea ice, snow cover, 
land ice, ground ice), meaning that less heat input is required 
for melting to ensue.

•	 Observation data showcase evidence of widespread loss of 
the Arctic cryosphere in all its forms (spring snow-cover 
extent, land ice, sea ice) as well as warming and thawing 
of permafrost.

•	 The Arctic is becoming wetter, with more precipitation falling 
as rainfall rather than snowfall, with an overall increase in 
precipitation totals.

•	 The Arctic Ocean is acidifying in response to CO2 uptake, 
loss of sea-ice cover, ocean freshening and warming, and 
contributions of organic carbon from terrestrial sources.

•	 The Arctic is responding to changes in the climate system 
much more rapidly than any other region on Earth, and the 
changes in the far north are being felt far beyond the Arctic.

•	 The latest future Arctic climate projections suggest a more 
rapid Arctic warming and sea-ice loss by 2100 than previous 
projections, and consequently, greater and faster changes in 
the hydrological cycle, including Arctic glacier reduction and 
global sea-level rise.

Box, J.E., R. Bellerby, R.E. Benestad, U.S. Bhatt, T.R. Christensen, C. Derksen, J. Francis, S. Gerland, K. Isaksen, J. 
Mård, J.L. McCarty, W.N. Meier, L. Mudryk, A. Shiklomanov, and S.L. Smith, 2024. Overview of multiple Arctic 
climate change indicators. In: AMAP Arctic Climate Change Update 2024: Key Trends and Impacts, pp. 5-12. 
Arctic Monitoring and Assessment Programme (AMAP), Tromsø, Norway. https://doi.org/10.21352/bn0y-pv08
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Figure 2.1 Arctic climate observational indicator records from as early as 1971. The ‘increase’ or ‘decrease’ metric refers to the change in the measured 
quantity over the various periods of record (see also Section 2.2). See box for data sources.
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Data sources

The fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) monthly reanalysis (Hersbach et al., 2020) 
provides air temperature and precipitation data. The Global Precipitation Climatology Project (GPCP) version 2 data (Adler et al., 2003) are available 
from 1979 when satellite observations increased data accuracy, and for this reason the ERA5 data period to 1979 is excluded. Greenland Ice Sheet 
subsurface temperatures are after Vandecrux et al. (2024). Arctic river discharge data are after McClelland et al. (2024), see also Chapter 6. Arctic 
tundra greenness data are after Bhatt et al. (2017). Burned area data since 2000 are after Collection 6 Moderate Resolution Imaging Spectroradiometer 
(MODIS) MCD64 satellite observations (Giglio et al., 2018). See also Chapter 4. The Alaska burned area data are after Data Ref. 2.1. The Canada 
burned area data are after Data Ref. 2.2. Also discussed in Chapter 5 are the snow-cover data after Mudryk et al. (2020), the sea-ice extent data after 
Meier and Stewart (2019) and the Arctic land-ice mass balance data after Box et al. (2018) and Data Ref. 2.3 with the Greenland Ice Sheet mass 
balance data after Mankoff et al. (2021).
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Satellite observations enable monitoring of vegetation 
‘greenness’ using the Normalised Difference Vegetation Index 
(NDVI) metric (Bhatt et al., 2017). The maximum and time-
integrated NDVI time series are standardized through dividing 
by their respective standard deviation (σ). 

The European Global Reanalysis version five (ERA5) (Hersbach 
et al., 2020) and the Global Precipitation Climatology Project 
(GPCP) version 2 precipitation data (Adler et al., 2003), 
commonly used in regional precipitation assessment (Douville 
et al., 2021; IPCC, 2021), are both featured to indicate that metrics 
for Arctic precipitation have a substantial level of uncertainty.

An annual metric for Arctic above-melting temperatures is 
assessed using ERA5 data; each day the surface area with 
daily average temperature above 0°C is recorded and annual 
averages are presented.

The ocean acidification indicator was chosen to be the changes 
to the hydrogen ion concentration in seawater, conventionally 
expressed as pH, but presented here as H+ to facilitate a 
trend analysis comparable with that of the other key Arctic 
climate indicators.

2.3 Atmospheric indicators

Since 1971, annual air temperatures have increased by 3.0°C for 
the Arctic defined as the area north of and including 65.5°N. 
Arctic warming in the 45 years since 1979 has been about three 
times that of the global average owing to amplifying feedbacks 
in the climate system, but the exact estimate depends on the 
period chosen and is influenced by pronounced year-to-year 
variations. See Figure 2.1a.

The rate of Arctic warming increased in the latter 18 years 
(2005–2023) owing to an increase in the number and duration 
of winter warm events over the central Arctic Ocean after 2004 

(Graham et al., 2017b). See Figure 2.1a. The winter storms are 
accompanied by increased poleward transport of atmospheric 
moisture and heat over the Arctic Ocean (Boisvert and Stroeve, 
2015; Park et al., 2015; Woods and Caballero, 2016; Graham 
et al., 2017a; You et al., 2022).

Arctic near-surface air temperature warming is concentrated 
across the marine environment (Figure 2.2) owing to sea-ice 
decline. The peak warming across the northern Barents Sea 
mirrors sea-ice decline (see Chapter 5), while north of Arctic 
Canada and Greenland where sea ice is thickest, little to no 
warming trend is evident.

Arctic air temperatures have increasingly exceeded the 0°C 
threshold (Figure 2.3). The increased area of above-freezing 
temperatures can be related to thawing permafrost (see 
Chapter 5), reductions in snow cover (see Chapter 5) and sea-
ice extent, and a shift towards rainfall instead of snowfall across 
the Arctic (Figure 2.4). The increase in rainfall mirrors the 
decrease in snowfall. Snowfall has no overall pan-Arctic trend, 
yet appears to be increasing in southeast Greenland. 

Arctic precipitation has increased significantly (Figure 2.1b), by 
between 2% and 10% in the 1979–2023 period. Another metric, 
the number of days with rainfall, also exhibits an increase 
(Figure 2.5). Increasing Arctic precipitation is an expected 
consequence of atmospheric warming. Increases are due to 
greater global warming and poleward moisture transport (Cai, 
2005; Tsubouchi et al., 2020), enhanced Arctic amplification 
of warming, and the associated loss of sea ice. 

The historical precipitation increase is dominated by more 
rainfall than snowfall (Figure 2.4) (McCrystall et al., 2021). 
The transition from a snow- to a rain-dominated Arctic in the 
summer and autumn is projected to occur decades earlier and 
at a lower level of global warming than previously thought, 
potentially under 1.5°C relative to pre-industrial times 
(1850–1900) (IPCC, 2021), with profound climatic, ecosystem 
and socio-economic impacts (McCrystall et al., 2021). 

Figure 2.3 Surface area fraction north of 60°N with daily average near-
surface air temperature above 0°C, over area-weighted ERA5 grid-boxes. 
Source: Benestad et al. (2024a).

Figure 2.2 Arctic near-surface air temperature trends for the 45-year period 
1979 to 2023. The trend metric is the linear regression temporal slope 
multiplied by the timespan in years. Source: ERA5 (Hersbach et al., 2020). 

Barents
Sea

-7 -6 -4-5 -2 -1-3 0 21 43 65 7

Change in annual near-surface (2m) air temperature,°C 

Fraction of Arctic surface area with daily average 
near-surface (2m) air temperature >0°C
0.42

0.40

0.38

0.36

0.34

0.32
1940 1960 1980 2000 2020

8 AMAP Arctic Climate Change Update 2024: Key Trends and Impacts



2.4 Terrestrial indicators

Permafrost has continued to warm significantly, by 2–3°C since 
the 1970s (see Chapter 5), with ground temperatures reaching 
record high values at numerous monitoring sites in the latest 
year of this assessment, 2022 (Smith et al., 2023).

Permafrost thaw has been accompanied by landscape 
changes, such as increasing rates of coastal erosion, thaw 
slumping, active-layer detachments, and in poorly drained 
areas permafrost thawing creates collapse-scar wetlands and 
thermokarst lakes (see Chapter 5).

Subsurface snow and ice temperatures across the Greenland 
Ice Sheet in the period of instrumental observations since 1998 
have increased by 2°C (Vandecrux et al., 2024). Consequently, 
the cold reservoir of the Greenland Ice Sheet is being thermally 
eroded, requiring less springtime or summer warming to bring 
the surface to the melting point.

Arctic spring (May through June) snow-cover extent on land 
has decreased by 27% over the 1979–2023 period (Figure 
2.1c). A larger decrease (35%) is evident over the (larger) 
Eurasian area than across the North American Arctic (19%) 
(see Chapter 5).

Springtime snow loss (Figure 2.1c) is comparable in area to 
the loss of September sea ice, and occurs early in the warm 
season rather than late during the Arctic sunlit period. Hence, 
both contribute at different points during the Arctic summer 
to surface darkening, one of the leading causes of amplified 
Arctic warming (see Chapter 5 for an evaluation of the impact 
of warming on snow-cover decline).

Freshwater discharge to the Arctic Ocean from Arctic rivers 
is increasing, by 13% (or 309 km3), about an average of 
2381±161 km3/y from 1974 to 2023 (Figure 2.1d). See also 
Chapter 6. The increase in freshwater discharge from land-ice 
loss is 1.6 times greater than the river discharge increase. See 
Figure 2.1g and Chapter 6.

Figure 2.4 Trends for the 45-year period 1979 to 2023 in (a) Arctic total 
precipitation, with the liquid and solid components shown in terms of (b) 
rainfall and (c) snowfall. The trend is calculated as the trend slope per year 
multiplied by the timespan in years. Source: ERA5 (Hersbach et al., 2020).

Figure 2.5 Surface area fraction north of 60°N with more than 1 mm daily 
precipitation. This provides an indication of the number of rainy days 
in the Arctic (see Benestad et al., 2024b). The total sum of precipitation 
and its trend (Figure 2.1b) is the product of the number of wet or snowy 
days and the mean precipitation intensity. Source: Benestad et al. (2024a).
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Arctic vegetation greenness has increased significantly since 
1982. The greenness correlates significantly with June through 
September rising air temperatures (Myneni et al., 1997; Jia et al., 
2003; Box et al., 2019; Berner et al., 2020) which suggests overall 
continued Arctic greening with Arctic warming, despite limited 
areas instead exhibiting periods of ‘browning’. See Figure 2.1e 
and Frost et al. (2023).

The possible increase in Arctic wildfires is likely to have been 
driven by a complex combination of rising Arctic air temperatures, 
reduced snow cover, increasing surface dryness, an expanding 
fire season and increasing human and lightning ignitions (e.g., 
Veraverbeke et al., 2017). See Figure 2.1f and Chapter 4. 

The contribution to sea-level rise from the reduction of Arctic land 
ice (glaciers, ice caps, Greenland Ice Sheet) has been increasing. 
See also Chapters 5 and 6. Ice losses from Arctic glaciated areas 
account for most of the world’s land-ice loss in the 1979–2023 
period, totaling 10,000 Gt (Figure 2.1g, see also Chapter 5). The 
Greenland Ice Sheet and its peripheral glaciers account for half 
of the Arctic land-ice losses, amounting to roughly a third of the 
global land-ice contribution to sea-level rise over this period (Box 
and Colgan, 2017; AMAP, 2021; Otosaka et al., 2023).

The Arctic remains the largest regional source of global sea-level 
rise, with the rate of land-ice loss from Greenland exceeding that 
from Antarctica by nearly a factor of two (Otosaka et al., 2023).

2.5 Marine indicators

The September Arctic sea-ice extent declined significantly, by 
58% in the period of continuous satellite observations from 
1979 to present (Figure 2.1c). Arctic sea ice has also become 
thinner over recent decades. See Chapter 5 for details.

Delayed sea-ice freeze-up means that early snow falls onto open 
water rather than sea ice, thus leading to a decline in snow cover 
on sea ice. Declining sea-ice extent means that the summer 
open-water season has lengthened owing to earlier melt onset 
and retreat of the ice edge during spring and summer, followed 
by later freeze-up during autumn (Stroeve et al., 2016; Peng et al., 
2018; Bliss et al., 2019). The open-water period has increased by 
up to 10 days per decade in some regions of the Arctic.

The Arctic Ocean is acidifying in response to increased ocean 
carbon dioxide (CO2) uptake from the atmosphere, loss of sea-
ice cover facilitating more gas exchange, ocean freshening and 
warming, and contributions of organic carbon from terrestrial 
sources. Ocean acidification negatively impacts marine life and 
activities, and the wellbeing and rights of Arctic Indigenous 
Peoples (see Chapter 7). The Arctic Ocean acidification rate has 
been three to four times higher than in other ocean basins over 
the past three decades (1994–2021) (Qi et al., 2022). Acidification 
has been observed in the Nordic Seas (Figure 2.6). The elevated 
Arctic Ocean acidification is mainly attributable to transport of 
anthropogenic carbon from the South, lowering further its buffer 
capacity owing to lower salinity due to sea ice and glacier melt 
and permafrost thaw, as well as to reduced sea-ice cover which 
promotes a more rapid partial equilibrium with atmospheric 
CO2 increase. The acidification leads to an increase in hydrogen 
ion concentration and thus a decrease in pH and a decrease in 
calcium carbonate saturation states. See Chapter 7 for details.

2.6 Future climate projections

The latest future Arctic climate projections suggest a more rapid 
Arctic warming this century than was the case in previous 
projections (McCrystall et al., 2021). Future projections indicate 
continued sea-ice decline (e.g., Notz and SIMIP Community, 
2020; Bonan et al., 2021) while Arctic total precipitation (snowfall 
and rainfall) is projected to increase (Meredith et al., 2019). See 
Chapter 5 for details. Future permafrost thaw depth is projected 
to increase while permafrost extent is projected to decline, 
although there is much uncertainty regarding the magnitude and 
timing of the predicted response (Meredith et al., 2019; Fisher 
and Koven, 2020; Fox-Kemper et al., 2021; Peng et al., 2023). 

2.7 Conclusions

The Arctic is responding to changes in the climate system much 
more rapidly than any other region on Earth, and these changes 
in the far north are being felt far beyond the Arctic. 

Changes in more than ten observational indicators of Arctic 
climate, spanning up to a 52-year period (1971–2023) and 
which cover the transition to a rapidly warming Arctic, exhibit 
widespread and statistically significant trends including 
increases in air and permafrost temperatures, rainfall, and 
tundra greenness, and decreases in snow-cover duration 
and extent, reductions in sea-ice thickness and extent, and 
declining Greenland Ice Sheet and pan-Arctic glacial volumes 
(Figure 2.1). Areas with wildfire and permafrost degradation 
are sources of increased carbon emissions to the atmosphere.

Future climate projections indicate continued Arctic warming 
with amplified impacts on sea-ice decline, rainfall increase, 
permafrost thaw, and the likelihood for increased terrestrial 
carbon release to the atmosphere, driven by this warming. The 
latest generation of climate projections under the sixth phase 
of the Coupled Model Intercomparison Project (CMIP6) have 
improved simulations of the sea-ice average state and trends 
over the period of satellite observations (Davy and Outten, 

Figure 2.6 Acidification of the Nordic Seas from 39 years of observations 
(1981–2019) reported as an increase in total hydrogen ion concentration 
in order to evaluate a linear trend. Data from Fransner et al. (2022).
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2020; Notz and SIMIP Community, 2020), and improved 
simulations of past snow cover (Mudryk et al., 2020) and global 
precipitation (Scoccimarro and Gualdi, 2020), suggesting that 
simulations for other aspects of the hydrological cycle, such as 
Arctic precipitation, are also improved.
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3. Arctic climate extremes
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Contributing authors: Rasmus E. Benestad, Jason E. Box, John Walsh

3.1 Introduction

Arctic extremes are increasing and are often record-shattering 
(Walsh et al., 2020; Fischer et al., 2021; Overland, 2021). Such 
extremes represent new major indicators of climate change, 
because they show conditions beyond previous observations. 
They can be labeled as unprecedented events. Twenty years 
ago, the Arctic was more resilient to climate change than now, 
because sea ice had a broader extent and was three times thicker 
than today (Thoman, pers. comm.). These new extremes are 
mostly regional, singular events, occurring as a result of global 
change / local weather combinations. They are beyond those 
of linear temperature increases projected by climate models; 
such models can miss the complicated interaction of physical 
and ecological processes due to lack of spatial resolution and 
lack of physics.

The future is thus inherently unpredictable, especially after rare 
events that exceed previous records. Given the short record of 
events of the last half decade and their contrast with earlier 
years, statistical tests provide an insufficient characterization 
of change. Going forward depends on rationality and logic. 
It is important to imagine possible scenarios. Impacts on 
communities are large and complex, resulting from jet stream 
changes and linked through multiple processes to fisheries 
and melting of the Greenland Ice Sheet. Rather than being 
considered a regime shift, these changes are ongoing.

Examples of recent extreme events include the loss of sea ice 
and ecosystem reorganization in northern marine Alaska and 
the Barents Sea, heatwave extremes in Siberia, and loss of snow 
in Greenland. Their impacts result from an interaction between 
physical and ecological processes. These new states cannot easily 
be assigned occurrence probabilities because they often have  
no known historical analogues. Other climate surprises may be 
in store. It is difficult to interpret the importance of an extreme 

event that has not occurred before (Diffenbaugh et al., 2017), and 
noting such a difficulty is the purpose of this chapter. It is far from 
obvious how even to pose the question since nearly every extreme 
event is unique compared with previous data. Climate change is 
by definition statistically non-stationary. Moon et al. (2019) noted 
the expanding footprint of rapid Arctic change. Landrum and 
Holland (2020) concluded that the Arctic is already transitioning 
away from a cryosphere-dominated system. Taken together 
(consilience), multiple types of extremes can be considered an 
indicator of current rapid Arctic change compared to the more 
conventional approach of examining trends in single variables 
such as increasing temperatures.

3.2 �Probabilistic reasoning 
and radical uncertainty

The term ‘extreme event’ is understood in one of two ways: based 
on how rare it was compared to the past, or based on how strong 
the impacts were. One approach, termed ‘risk’, is resolvable 
based on probability distributions. Formally, the distribution 
can be generated from historical data or model simulations. The 
probability density function shown in Figure 3.1 captures the 
likelihood of specified events resulting from a given temperature 
distribution and its changes. As with any bell curve, those events 
that fall near the center are most likely, and events that occur in 
lower and upper temperature extremes have smaller probability. 
Climate change can have different effects on the probability of 
extreme values of the distribution. For example, in Figure 3.1a 
a simple shift of the entire distribution towards a warmer climate 
leads to fewer extreme cold weather events and more hot weather 
and extreme hot weather events. Alternatively, in Figure 3.1b 
increased temperature variability without a shift in the mean 
could lead to more extreme cold and heat events, with a lower 
probability of mid-range temperature events.

Key findings
•	 Recent increases in extreme events, especially those near and 

beyond previous records, are a major new index for Arctic and 
global climate change. These record-shattering, unprecedented 
events often have no known historical analogues and suggest 
that other climate surprises may be in store. Changes are 
continuing. Storms, heatwaves, wildfires, rain, sea-ice minima, 
ecosystem reorganizations, and different seasonal timing of 
physical and ecosystem events are examples noted both by 
weather services and by Indigenous local reports. Impacts are 
felt by many coastal communities. The diverse type, location 
and timing of recent (past five years) extreme events, taken 
together, allow a consilience interpretation (i.e., a strong 
conclusion based on multiple reasons) for a new Arctic climate.

•	 The interdependence and interaction of climate change, 
Arctic amplification, and natural variability is producing 
these new extremes. Global warming leads to temperature 
increases, permafrost thaw, and sea-ice loss / open water. 
These factors combine with the natural range of atmospheric 
and oceanic dynamics, such as jet stream meanders, blocking 
weather patterns, storms, and upper ocean heat content. This 
interdependence produces the new physical and ecological 
extremes, characterized by different types, locations, 
seasonality, and duration of events. The interaction of these 
processes, referred to as emergence, can now be said to be 
the cause of unprecedented impacts.

Overland, J., R.E. Benestad, J.E. Box, and J. Walsh, 2024. Arctic climate extremes. 
In: AMAP Arctic Climate Change Update 2024: Key Trends and Impacts, pp. 13-21. 
Arctic Monitoring and Assessment Programme (AMAP), Tromsø, Norway. 
https://doi.org/10.21352/rafs-2a92
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Using this approach, marine heatwaves were described in 
the Arctic during 1982–2020 using three criteria and three 
independently produced daily sea-surface temperature (SST) 
products. Such a figure for the impact of climate change is 
shown from Huang et al. (2021; see Figure 3.2). The primary 
source of the data underlying Figure 3.2 was the NOAA 
DOISST v2.1 dataset, which is a global daily SST product with 
a resolution of 0.25° that blends in-situ and bias-corrected 
Advanced Very High Resolution Radiometer (AVHRR) SST 
measurements. The criteria were (a) that SST anomalies are 
greater than the 95th percentile threshold based on a 1982–
2011 period, and (b) that the high anomalies are sustained 
for at least five consecutive days. This analysis indicated 
that the intensity, duration, frequency, and areal coverage of 
Arctic marine heatwaves increased during 1982–2020, and 
were greater in recent decades due to a warming climate. 
As illustrated in Figure 3.2, the maximum SST extremes are 
between 3°C and 5°C in the Barents Sea, Kara Sea, Laptev 
Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea and Baffin 
Bay, and between 3°C and 4°C in the Norwegian Sea and 
Greenland Sea. These events were triggered in mid-July to 
early August during 1982 to 2020; they endured until mid-
August during 1982–2000, until early September during 
2000–2010, and until late September during 2010–2020.

Figure 3.1 The effect of changes in temperature distribution on extremes. The two plots show different changes in temperature distribution between 
present and future climate and their effects on extreme values of the distributions: (a) effects of a simple shift of the entire distribution toward a warmer 
climate and (b) effects of an increased temperature variability with no shift of the mean. Source: IPCC (2012).

2 3 4 5 60 1

Sea-surface temperature anomaly, °C

Figure 3.2 Maximum (1982–2020) sea-surface temperature anomaly (SSTA), 
derived using the 95th percentile threshold based on the 1982–2011 period 
and sustained for at least five consecutive days. Source: Huang et al. (2021).
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At the opposite pole is radical uncertainty which is genuine 
unknown unknowns. It contrasts with historical randomness 
that is often termed as risk. These are states for which it is not 
possible to attach probabilities because it is not possible to 
conceive of these states. These are not low probability events, 
but unimaginable events given previous data. They are non-
historical analogue situations. They are not likely to be the 
result of a long tail event arising from a low probability outcome 
from a known frequency distribution, but a result that was not 
previously expected. 

For more than a half century the distribution approach has 
dominated decision science. However, statistical extrapolation 
methods, at present, generally do not conceivably have the 
information required to specify the distribution of new events, 
and consequences are thus uncertain. An alternative is to plan 
for positive outcomes and avoid outcomes that are worse. Many 
aspects of climate science are in this situation of having some 
prior knowledge of processes, but are comparatively data-poor 
in terms of what is actually trying to be predicted. The observed 
record provides only a limited sample of what is possible, and 
is moreover affected by sources of non-stationarity. In such 
a situation, using statistical methods that eschew physical 
reasoning and prior knowledge – “letting the data speak for 
itself ” – is a recipe for disaster (Shepherd, 2021). 

3.3 Types of unusual events

Reports on the ground are an important source of information. 
The 2017–2022 records from the Local Environmental Observer 
(LEO) Network represent a solicited group of observations from 
local residents, news articles, and topic experts, about unusual 

animal, environmental, and weather events in the Arctic. The 
LEO Network maintains a database that is searchable based 
on type of event and impact. In 2015, the LEO Network was 
selected as a model program of the Arctic Council to raise 
awareness and improve communication about climate change 
in the circumpolar region. Figure 3.3 illustrates the distribution 
of unusual events north of 60°N based on entries submitted 
between 2017 and 2022. Temperature extremes, changes 
in snow and sea ice, and shifts in seasonality are the most 
frequently reported observations. Ecosystems are impacted 
by changes in species range and animal die-offs. 

A second source of information on extremes is a list of events 
for 2022 compiled by Benestad et al. (2023 updated; see 
Figure 3.4). Their summary is based on an enquiry collection 
undertaken by meteorological services connected to the Arctic. 
The total number of recorded events for 2022 was 68. The data 
include summer heatwaves in Greenland, Finland, Svalbard, 
Iceland, Alaska and Canada; rain events in Alaska and Norway; 
low sea ice in Russia in March; and cold events in Russia and 
the Yukon in December. Extreme storms can cause extensive 
societal impact. One of the most impactful Arctic extreme 
events in 2022 was a historically powerful storm that struck 
western Alaska in September. The storm originated as Typhoon 
Merbok in the subtropical North Pacific and transitioned to a 
very strong extratropical storm just prior to reaching the Bering 
Sea, where it had the lowest pressure (932 hPa) of any storm to 
form that early in autumn since at least 1950 (Thoman and The 
Conversation US, 2022). Typhoon Merbok caused severe coastal 
flooding across western Alaska, with extensive infrastructure 
damage along a 1000-km stretch of coast from Kuskokwim 
Bay to the Bering Strait. Some communities experienced their 
highest water levels in at least the last 100 years.
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Figure 3.3 Observations of unusual or unexpected Arctic events submitted 
to the Local Environmental Observer (LEO) database in the period 2017–
2022. Source: Data Ref. 3.1.
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Figure 3.4 A summary of extreme event categories reported in the Arctic 
in 2022. Cyclones and wind events may overlap. The summary is based 
on events collected from meteorological services connected to the Arctic. 
Source: Benestad et al. (2023 updated).
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3.4 �Conceptual model: Influence 
of natural weather variability 
interacting with Arctic changes

The goal is to tie together biological/societal impacts of 
environmental events and extreme weather events to form 
joint causal accounts. Are there thresholds and tipping points 
of concern? New extremes are often forced by the interaction 
of background weather with ongoing atmosphere, ocean, 
and other Arctic changes, that then affect ecosystems and 
communities. Fluctuations outside resilience boundaries lead 
to detrimental impacts. 

A conceptual model is suggested in Figure 3.5 whereby global 
warming from greenhouse gases increases as an ongoing 
thermodynamic response (a push) in Arctic changes, leading 
to temperature increases, permafrost thaw, and sea-ice loss / 
open water. These factors combine together with the natural 
range of atmospheric and oceanic dynamics (a pulse), such as 
jet stream meanders, blocking weather patterns, storms, and 
upper ocean heat content (Overland, 2021); their combination 
and interdependence produces new extremes. Arctic change 
provides precursors to major impacts. That new extremes 
apparently do not require circulation deviations to be much 
beyond their normal range is one reason suggested for the large 
number of recent impacts and the interannual and location 
variability of such events. These weather and climate extremes 
selectively influence ecosystems based on species-specific life 
history, such as the timing of reproduction and migration. 
Societal impacts follow directly from shifts in sea ice and 
ecosystem dynamics.

3.5 �Recent examples of extremes 
that exceed previous records

3.5.1 Alaskan summer 2022 high variability

The total area affected by wildfires in Alaska reached 1 million 
acres on 18 June 2022, which was the earliest date of the 32 years 
of observation (Thoman, pers. comm. 2023). The two previous 
early dates, around 1 July for 2004 and 2015, had the largest 
seasonal burn area, suggesting that 2022 would continue to set 
records. However, this was prevented when drought conditions 
ended with record rainfall. For example, Utqiaġvik had 36 mm 
of rain fall on 26 July; exceeding the previous highest 24-hour 
precipitation on record of 32.5 mm on 21–22 July 1987. 
Anchorage had the highest rainfall on record at 184 mm in 
mid-July to mid-August. Alaska is a prime example of the range 
of potential extreme events.

3.5.2 �Barents Sea extreme temperatures 
and Atlantification 

Isaksen et al. (2022) found an unprecedented increase in 
annual mean 2001–2020 surface air temperature (SAT) over the 
northern Barents Sea of 5.4°C at Karl XII-øya on northeastern 
Svalbard and 4.4°C at Krenkel Observatory on Franz Josef Land. 
Both locations had large SAT values in autumn (SON) and 
winter (DJF). The warming was greater than hitherto known 
in this region and was exceptional even for the warming Arctic. 
The data show that the warming is linked, both in space and 
time, to the reduction in sea ice and increased SST; there is a 
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Figure 3.5 Conceptual model of extremes forced by atmosphere and ocean processes that interact with the ecosystem life histories. Climate change 
includes human influence. Climate change can affect natural variability; however, for this graphic the large range of natural background variability is 
emphasized. Source: modified from Overland (2021).
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negative correlation between SAT and sea-ice loss at multiple 
stations of 0.94 in autumn and 0.97 in winter. The northern 
Barents Sea highlights the high temperatures of the 21st 
century, with a warming rate that is greater and longer lasting 
than during the “early 20th-century warming” (Førland et al., 
2011). Figure 3.6 shows the spatial distribution of the annual 
rate of change for the Barents Sea over 2001–2020 for two 
reanalyses of SAT, sea-ice loss, and SST increase (Isaksen et al., 
2022). Changes in SAT and sea ice are largest over the marginal 
ice zone north of the ice edge contour. Average June 2022 air 
temperature at Svalbard airport Longyearbyen was 6.0°C, which 
is 2.4°C above average and the warmest ever recorded. A major 
factor for warm temperatures in northern Svalbard over these 
decades was the increased presence of low sea-level pressure 
over the central Barents Sea giving easterly warm winds to the 
north of the low-pressure center. Northeast (i.e., from the NE) 

wind circulation contributes most to the warming (Wickström, 
pers. comm. 2023). Current conditions lead to rain-on-snow 
events in Svalbard (Jonassen, pers. comm. 2023). Despite 
the clear 20-year trend, it is also important to note the large 
interannual variability.

The cumulative sea-ice melting across Svalbard between 1 June 
and 31 July 2022 was 1.5 times larger than the previous record 
in 2018. The melting was caused by persistent warm winds 
blowing into the area from the south. From 1 May through 
25 July 2022, parts of the Svalbard archipelago experienced 
air temperatures that averaged up to 1.8°C higher than usual. 
A significant pulse of warm air starting on 15 July produced 
Svalbard’s highest recorded melt volume two days later on 
17 July (Wickström, pers. comm. 2023).

Figure 3.6 The spatial pattern of changes in surface air temperature (SAT), sea-ice concentration (SIC) and sea-surface temperature (SST) in the Barents 
Sea study area for the period 2001–2020. Plots (a) and (b) show annual SAT trends derived from CARRA and ERA5 reanalyses, plot (c) shows annual 
trends in SIC with the mean 15% SIC (ice edge) contour line marked in grey, and plot (d) shows annual SST trends. Source: Isaksen et al. (2022).
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A major increase in SST occurred in the eastern Barents Sea 
and the northward coastal current along the west coast of 
Svalbard: the two branches of the Norwegian Atlantic Current. 
This is an indication of the Atlantification of the southern 
Barents Sea, a transition from more Arctic Ocean properties 
to those of the inflowing Atlantic waters. A strong warming 
(up to 0.8°C per decade) occurred in the southeastern region 
just outside the mean ice zone with an increasing influence 
of saltier Atlantic water (Polyakov et al., 2017). This warming 
of the surface water causes a retreat in sea ice in winter and 
an absence of sea ice in summer. The loss of winter sea ice 
means that the surface layer of cold freshwater from melting 
sea ice in summer is not replenished. This causes a weaker 
contrast between the temperature layers in the ocean and a 
stronger mixing of Atlantic water. Atlantification in this area 
is almost complete (Lind et al., 2018) and is having ecosystem 
consequences. For example, Barents Sea phytoplankton 
blooms have moved 5° further north compared to 1989 
(Neukermans et al., 2018). Fish communities have also moved 
northward, with impacts on those seabirds, seals and whales 
that depend directly on these fish populations (Fossheim 
et al., 2015). 

3.5.3 �Community observations of extreme 
events in the northern Bering Sea 

Unprecedented minimum winter sea-ice coverage occurred 
in the Bering Sea during 2017/2018 and 2018/2019, with 
sea-ice extent 70% lower than the climatological mean for 
1950–2000, and with major impacts on ecosystem dynamics 
and human food security lasting at least through 2021 
(Overland et al., 2024). Ecosystem impacts were immediately 
observed including multi-year changes in biological energy 
flow and structure, the presence of harmful algal blooms, 
loss of sea-ice algae and large lipid-rich zooplankton, loss of 
juvenile crab, northward expansion of commercially fished 
Pacific cod (Gadus macrocephalus) and Alaska pollock (Gadus 
chalcogrammus), reductions in all species of northern salmon 
runs, an unusual mortality event for three species of ice-
associated seal (Boveng et al., 2020), and five consecutive 
years of multi-species seabird mortality. 

In the Alaskan part of the northern Bering Sea / Bering 
Strait region, the non-commercial acquisition and utilization 
of diverse marine wildlife are essential to the nutritional, 
cultural, and economic wellbeing of coastal communities 

(Figure 3.7) (Huntington et al., 2020; Brinkman et al., 2022). 
The recent regional reduction in the duration, extent, and 
quality of sea ice continues to cascade into maritime changes, 
directly resulting in widespread concern by coastal residents. 
Additional concerns beyond the direct impacts of sea-ice 
loss are shifts in the geographical distribution of marine 
species (e.g., Stejneger’s beaked whale Mesoplodon stejnegeri), 
the establishment of invasive species (e.g., Hanasaki crab 
Paralithodes brevipes), and reports of toxic algae in pinnipeds 
and cetaceans at levels that indicate potential health concerns. 
Recent changes represent an ecological shock: no coastal 
community remains untouched by the suite of changes. The 
peoples of the Bering Strait region are a part of the marine 
ecosystem; food security and wildlife health concerns must 
be addressed in collaborative, integrated, and public ways. 
The previous four years (2021–2024) show a return to 
more typical sea-ice extents. However, conditions during 
2018–2019 suggest the possible return of low sea ice in the 
next two decades.

3.5.4 Siberian heatwave/wildfires

Siberia experienced a heatwave of extreme monthly 
temperatures of +6°C anomalies from January through May 
2020, culminating in near daily temperature records at the 
Arctic station of Verhojansk in mid-June (Overland and 
Wang, 2021). The proximate cause for the warm extremes 
from January through April was the record strength of the 
stratospheric polar vortex and tropospheric jet stream. The 
stratospheric polar vortex and high geopotential heights 
to the south combined to provide strong zonal winds 
from the west that reduced the potential penetration of 
cold air from the north. An index of vortex strength is 
the Arctic Oscillation; averaged over January–April, the 
Arctic Oscillation set extreme positive records in 1989, 
1990 and 2020 (baseline starting in 1950). The strength and 
stability of the stratospheric polar vortex over the central 
Arctic contributed to the winter–spring persistence of the 
heatwave in Siberia during 2020 (Overland and Wang, 2021). 
May–June temperatures were related to high tropospheric 
geopotential heights over Asia. An open question is whether 
these dynamic events are becoming more persistent. Such 
record events will not occur every year but it may be expected 
that they will recur over the next decades due to internal 
atmospheric variability added to a continued global warming. 

Figure 3.7 Examples of diverse non-commercial marine resources essential to the nutritional, cultural, and economic wellbeing of coastal communities 
in the northern Bering Sea / Bering Strait region. From left to right the images show sculpin, walrus, and clams from the walrus’ stomach. Photo credits: 
G. Sheffield.
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Extreme wildfires also occurred in Canada during summer 
2023 (Thoman et al., 2023). A more complete discussion of 
wildfires is provided in Chapter 4.

3.5.5 Greenland ice melt

On 14 August 2021, rainfall was witnessed for the first time 
at Summit station near the highest point of the Greenland Ice 
Sheet (Ramirez, 2021; Box et al., 2022) and was accompanied 
by high surface melt spatial extent. Satellite measurements 
revealed a rapid retreat of the snowline to higher elevations, 
exposing a large extent of relatively dark bare ice. Exceptional 
heating of the ice sheet occurred due to the heat transfer 
from condensation and the elevated air temperature during 
the August episode of warm air and rainfall arriving in what 
is often termed an ‘atmospheric river’. The frequency of 
moist atmospheric rivers reaching Greenland is increasing 
(Mattingly et al., 2016), probably driven by more highly-
amplified (i.e., more north-south extent) jet-stream patterns 
(Francis and Skific, 2015).

In September 2022, Greenland experienced exceptional heat 
and rainfall due to a series of atmospheric wind/temperature 
transport events from the south (see Figure 3.8). In 2022, 
temperatures in September were the highest on record; up to 
8°C higher than average. The ice sheet saw record melt, with at 
least 23% of its area impacted at the peak of the first heatwave. 
Rainfall was much higher than average across southern and 
western areas of the ice sheet. 

During these heatwaves, temperatures were above freezing at 
several locations on the Greenland Ice Sheet. For example, a 
high altitude (2883 m elevation) automated weather station 

at the southern dome of the ice sheet recorded 39 hours with 
temperatures above 0°C. Previously, the only periods with 
temperatures above 0°C at this station were much shorter: 
four hours in 2003 and one hour in 2016. Another location, 
in western Greenland, saw 325 hours with temperatures above 
0°C during September. Melt had occurred here in 18 previous 
years out of a 28-year record, for an average of 57 hours. The 
exceptional heat further impacted the ice sheet by reducing 
the snow albedo by up to 15%. Ice crystals vary in shape, and 
heat rounds the otherwise sharp ice crystal edges reducing 
their albedo and accelerating melting. Melt in Greenland ice 
is tied to sea-level rise (see Chapter 2, Figure 2.1g).

3.6 Summer 2023 and winter 2023/2024

Extreme events continue. Thoman et al. (2023) reported six 
major extreme events during summer 2023: Arctic-wide 
summer air temperatures shattered records; unprecedented 
Canadian wildfires; early Canadian and Siberian snow melt; 
Greenland snow melt in late June; SSTs in the Barents, Kara, 
Laptev, and Beaufort Seas 5–7°C above normal in August; 
and extreme low Alaskan salmon runs. The events noted by 
Thoman et al. (2023) were verified by the Arctic Regional 
Climate Centre network (ArcRCC, 2023). Figure 3.9 shows 
that extreme summer heat events are regional. 

Major events in winter 2023/2024 were listed by ArcRCC (2024). 
They include extreme winds in northern Canada in November 
2023; snow in Alaska and northern Canada in December 2023; 
warm temperatures in northern Canada in January 2024; cold 
temperatures in eastern Siberia in February 2024; and drought 
in Iceland during winter 2024.

Figure 3.8 Melt area (daily fraction of the ice sheet melted) of the Greenland Ice Sheet and peripheral glaciers during 2022 compared to the average for 
the 1991–2020 reference period, and the range of values seen over the reference period (5th to 95th percentile). Source: CS3 (2023).
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3.7 Impact-based projections

The increase in future uncertainty due to lack of robust 
extrapolation does not mean that planning is less important. 
One way forward for adaptation to future extremes is through 
scenario/narrative approaches (Shortridge et al., 2017). For 
example, proposed impacts on the ecosystem are extrapolated 
backwards through species life histories to identify causal factors 
for change (e.g., temperature, storms, sea ice, permafrost). Such 
impacts could include wildfires, flooding, ecosystem shifts, 
biological pests, and changes in snow-water equivalent, storm 
intensity, fisheries, and marine mammals. Such approaches 
emphasize identification of potential major impacts and their 
causes, as well as strategies that are adaptable and robust. The 
way forward should include engagement of Indigenous Peoples 
and Indigenous Knowledge.

3.8 Summary: a new Arctic

The assessment of the Intergovernmental Panel on Climate 
Change (IPCC) concluded that, “It is unequivocal that human 
influence has warmed the atmosphere, ocean and land” (IPCC, 
2021). Particularly for large-scale changes, there are robust 
anthropogenic signals that have been identified through multiple 
lines of evidence. Multiple unprecedented extreme events now 
add additional information to the climate change story. 

It is undeniable that there was an overwhelming collection of 
extreme events in the Arctic during the previous five years. 
Such unprecedented events tend to be short-lived, occur 
in multiple regions, and are multivariate. Arctic data meet 
the criteria for both emergence and consilience. Emergence 
occurs when a complex entity has properties or behaviors 
that its parts do not have on their own, and emerge when 
they interact as a wider whole, such as Arctic amplification 
with natural meteorological and oceanographic variability 
(see Figure 3.5). Consilience is the principle that evidence 
from independent, unrelated sources can converge on a strong 
conclusion. That is, when multiple sources of evidence agree, 
the conclusion for Arctic change is strengthened. Based on 
the range of extreme events shown in this chapter, the Arctic 
emerges as being in a new physical state beyond that implied 
by previous indicators and processes, and that these multiple 

Arctic changes serve as an ongoing indicator of global change. 
Some changes represented by events are nearly complete, 
such as the Atlantification of the Barents Sea (e.g., warming, 
salinification, and ecosystem shifts). Most other Arctic regions 
are subject to intermittent events. Unpredictable behaviors 
are seen as an emergent phenomenon. The observed record 
provides a limited sample of what is possible, and recent 
observations are manifestly non-stationary. 

Going forward, information necessary to guide communities 
in terms of adaptation responses requires continuing 
monitoring every year, physical reasoning, and judicious 
use of existing process knowledge. It is important to adopt 
policies and strategies that are robust to alternative futures. 
Such futures cannot be calculated, only framed by avoiding 
the worst outcomes. Implementing successful conservation 
for the climate-altered future requires proactive application 
of adaptation approaches. Futures must be assumed different 
from what has been experienced, and these futures are deeply 
uncertain (Shepherd, 2021). Expectations are for social and 
ecological change, requiring monitoring and balancing risks 
and opportunities. A fundamental necessity is understanding 
ecosystem and community changes with goals based on 
community values. Maintaining processes that generate 
heterogeneity in habitats, genes, and biological structures 
should be prioritized (Moore and Schindler, 2022). Strategies 
that enable adaptation and change in species and ecosystems 
that minimize climate impacts will happen at local to regional 
scales such as the northern Bering Sea, Barents Sea, and parts 
of maritime Canada.

Historically, attribution of the causes of the large environmental 
changes, including in temperatures, sea and land ice, and 
biological impacts, is a formidable task because it is difficult 
to separate the signal due to anthropogenic greenhouse gases 
from the background of large natural climate variability. 
Observational evidence now shows multiple ongoing extreme 
examples that are well beyond previous records. They are not 
likely to be the result of a long tail event arising from a very 
low probability outcome from a known frequency distribution, 
termed ‘black swan’ events (Shepherd, 2021). New states cannot 
easily be assigned probabilities because they often have no 
known historical analogues. Their occurrence suggests that 
climate surprises are in store for the future. 

Figure 3.9 Summer 2023 Arctic temperature extremes. Source: Thoman et al. (2023).
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4. Arctic and high-latitude wildfires

Lead authors: Mark Parrington, Jessica L. McCarty

Contributing authors: Juha Aalto, Morgan A. Crowley, Mike D. Flannigan, Merritt R. Turetsky

4.1 Introduction

Wildfires in the Arctic have received widespread media attention 
around the world in recent years as well as within the scientific 
community. Wildfires are a relatively common feature of the 
high northern latitude boreal forests, especially during summer, 
and have shown some degree of poleward migration over the 
past two decades, particularly during the summers of 2019 and 
2020 (C3S, 2020, 2021), 2023 (C3S, 2024; Jain et al., 2024) and 
2024. At high northern latitudes (i.e., latitudes north of 60°N), 
wildfires are not uncommon and have shown a high degree of 
spatial and temporal variability in recent years (Masrur et al., 
2018) and in projected future manifestations of wildfires (e.g., 
Krawchuk et al., 2009; UNEP, 2022). A detailed synthesis of 
wildfires in the Arctic was presented by McCarty et al. (2021), 
covering the drivers, future climate change impacts, estimated 
emissions, fire management, and knowledge gaps for pan-Arctic 
and pan-boreal fires. A study of extreme wildfires around the 
world between 2003 and 2023 based on satellite observations 
showed that the largest (more than four-fold) regional increase 
was in the northeast Arctic (Cunningham et al., 2024). Spatial 
variability in the pyrogeography of pan-Arctic and pan-boreal 
wildfires is influenced by varying responses to environmental 
drivers and interactions with anthropogenic and other factors, 
which recent studies have started to identify in more detail 
(e.g., Scholten et al., 2024). Arctic wildfires in recent years have 
burned persistently through the summer months and covered 
vast areas. Figure 4.1 shows example satellite imagery of active fire 
fronts extending over many kilometers in Russia’s Sakha Republic 
during July 2020. This chapter presents an overview of recent 
research on Arctic wildfires, including changes in wildfire risk, 
climate interactions and air quality impacts, and a brief synthesis 
of observed wildfire emissions in recent years.

4.2 Wildfire risk

The Arctic climate has been warming at three times the rate of 
the global average (i.e., the Arctic amplification) (AMAP, 2021; 
see also Chapter 2). The warming climate, and associated impacts 
on precipitation and soil moisture, increases the likelihood (or 
risk) of landscape fires through increased flammability of the 
vegetation (Descals et al., 2022), with higher risk also leading to the 
potential for larger-scale and more persistent fires after there has 
been an ignition. Thawing of permafrost can also expose further 
fuel, including peat and areas with high soil carbon (Post and 
Mack, 2022), further complicating wildfire behavior, estimation 
of emissions, and climate feedbacks. Although the underlying 
vegetation conditions may be ideal for widespread fires, the 
actual occurrence at the large scale is related to the synoptic 
meteorological conditions which can also be related to the position 
of the polar jet stream (e.g., Mann, 2019; Strigunova et al., 2022). 
For example, the influence of the polar jet stream on early seasonal 
snowmelt was a factor in the scale of the fires observed in both 
Arctic and subarctic regions of Siberia during 2019, 2020, and 
2021 (Scholten et al., 2022). Further, boreal and subarctic areas 
are currently experiencing and are likely to continue to experience 
heightened fire weather conditions, as increased temperature, 
decreased relative humidity, and increased Vapour Pressure Deficit 
(i.e., whereby high VPD values caused by high temperatures and 
a dry airmass over an extended period result in drier fuels) are 
driving wildland fire trends (Lehtonen et al., 2016; Ellis et al., 2021; 
Jain et al., 2021; Scholten et al., 2024). Furthermore, a potential 
increase and poleward shift in high-latitude lightning activity as a 
result of climate change could lead to increased wildfire ignitions 
in the Arctic, which are projected to more than double under the 
RCP8.5 scenario (Chen et al., 2021a; OECD, 2023), in line with 
recent findings for extra-tropical wildfires (Janssen et al., 2023).

Key findings
•	 Increased numbers of wildfires have been observed in the 

Arctic region in recent decades due to the fast rate of change 
in the climate at high northern latitudes driving changes 
in fuel availability (e.g., poleward expansion of vegetation 
and permafrost thaw), fire danger (i.e., drier vegetation 
and fuels, and warmer conditions), and fire behavior 
following ignition.

•	 Fire occurrence in the Arctic, and more generally at 
high northern latitudes (north of 60°N), is a common 
feature each summer but with a high degree of year-to-
year variability reflecting human, biogeographical, and 
hydrometeorological influences. In general, the majority of 
observed fires occur in regions with human activities and 
where soil moisture and precipitation levels are below the 
climatological mean.

•	 Knowledge of ignition sources for Arctic wildfires has 
improved in recent years, with better understanding and 
observational evidence of human-caused and natural 
ignitions. Improved capabilities for detecting holdover fires 
and lightning ignitions, and incorporation of Indigenous 
knowledge are both essential to understanding wildfires in 
the Arctic under a changing climate.

•	 Emerging research and novel monitoring technologies (e.g., 
new satellites and developments using artificial intelligence) 
are providing further insight into the relative roles of human 
and non-human ignition sources, available fuel types 
(including peat and high carbon soil) and fuel conditions, 
as well as into fire behavior across the region which is essential 
to monitoring/modeling current/future vulnerability of the 
Arctic and high northern latitudes to wildfires.

Parrington, M., J.L. McCarty, J. Aalto, M.A. Crowley, M.D. Flannigan and M.R. 
Turetsky, 2024. Arctic and high-latitude wildfires. In: AMAP Arctic Climate Change 
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4.3 Interactions with climate

The impacts of Arctic warming on the environment, and their 
relationship with wildfire activity in the region are complex. 
For example, a general ‘greening’ trend of the Arctic (Berner 
et al., 2020; Myers-Smith et al., 2020) with poleward expansion 
of vegetation (Vowles and Björk, 2019), and permafrost thaw 
(Heijmans et al., 2022) can lead to more non-herbaceous surface 
fuels being available to burn (Arndt et al., 2019; Mekonnen 
et al., 2021) – with region-specific impacts that could both 
impede and facilitate fire spread across shrubby areas in the 
Low Arctic (Frost et al., 2020). With regards to permafrost 
thaw, fire activity influences the rate at which this happens in 
complex ways (Holloway et al., 2020). Fires alter the surface 
albedo (French et al., 2016; Webb et al., 2021) and accelerate 
permafrost thaw and thermokarst formation (Holloway et al., 
2020; Chen et al., 2021b) primarily by combusting the litter, 
moss, peat layers, and other burnable biomass that insulate 
frozen soil. Post-fire changes in vegetation in permafrost 
regions can alter the soil thermal regime and lead to thawing 
due to loss of shading, loss of the insulating layer, and change 

in landscape-level snow-cover extent that impacts terrestrial 
albedo feedbacks for the Arctic and boreal regions (Webb et al., 
2021). Post-fire vegetation may also alter the rate of carbon 
sequestration, and play a role in fire self-regulation if it is less 
flammable (e.g., Mack et al., 2021). In contrast, while fire has 
been identified as a major driver of permafrost thaw (Gibson 
et al., 2018), an open question in this respect is whether this 
will cause stronger positive feedbacks on the climate, such as 
through the release of carbon and greenhouse gases (carbon 
dioxide and methane) that had been locked in the ground in peat 
(Turetsky et al., 2020; Schuur et al., 2022), leading to changes in 
biomes and post-fire vegetation regrowth (Kharuk et al., 2022). 
Some of the thaw-driven carbon released to the atmosphere will 
be reabsorbed by increased vegetation productivity (Mekonnen 
et al., 2021). Further to the impacts on climate, permafrost 
thaw is also likely to have complex impacts on fire danger. In 
areas with ice-poor permafrost, thaw can lead to drier soils and 
fuels and may possibly promote tree productivity (Ogden et al., 
2023). However, in areas underlain by ice-rich permafrost, thaw 
can lead to subsidence and localized flooding that may have 
the opposite effect on fire danger.

Figure 4.1 Multiple wildfires around the Arctic Circle during July 2020 in the Sakha Republic, Russia. Enhanced natural colors/infra-red (IR) mix with 
IR hotspots. Contains modified Copernicus Sentinel data processed by Pierre Markuse.
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4.4 Wildfires and air quality

In addition to the biogeophysical changes to the landscape, 
wildfires at high latitudes are of concern for the Arctic region 
due to the impact of smoke transport on air quality and climate. 
Particulate matter, especially PM2.5 (particulate matter with a 
mean diameter of less than 2.5 μm), is of particular concern 
owing to its role in degrading air quality, with potentially 
severe health impacts for Arctic communities (Schmale et al., 
2018). Such impacts are not confined to physical symptoms and 
there is growing evidence of mental health impacts related to 
displacement and smoke exposure following wildfires which can 
lead to more cases of anxiety and post-traumatic stress disorder 
(e.g., Humphreys et al., 2022). Particulate matter such as black 
(and brown) carbon, or soot, is also a short-lived climate forcer, 
with potential contributions to local increases in air temperature 
and deposition to snow/ice packs, altering the albedo and 
increasing melt rates (AMAP, 2015; DeRepentigny et al., 
2022). Wildfires emit a wide range of atmospheric pollutants 
which can influence regional atmospheric chemistry and result 
in additional air quality and environmental impacts. Arctic 
wildfires are known sources of atmospheric mercury (Dastoor 
et al., 2022) and volatile organic compounds (Wizenberg et al., 
2023). The potential for air quality and climate impacts of 
wildfire smoke is generally much greater with closer proximity 
to wildfire occurrence, as has been reported for larger population 
centers of Alaska (Hahn et al., 2021) and the Sakha Republic 
(Tomshin and Solovyev, 2022). A study focused on the eight 
Arctic countries found that PM2.5 from wildfires mostly affects 
remote populations close to the fires (Silver et al., 2024). 
However, health impacts across these countries were seen to 
decrease across the region, despite increasing regional levels 
of PM2.5 from wildfires, due to the northward shift of wildfires, 
particularly in Siberia, and thus reduced impacts on the more 
densely populated areas (Silver et al., 2024). Wildfires at extra-
tropical, and even tropical latitudes, also have the potential to 
affect the High Arctic and to impact larger urban centers in 
the boreal and temperate zones through long-range transport. 
Long-range smoke transport tends to occur at high altitudes 
due to increased atmospheric lifetimes of pollutants and 
stronger winds, and potential surface impacts are reduced. 
Many examples of long-range smoke transport into the Arctic 
region have been covered in the scientific literature, including 
spring-time transport from Southeast Asia (Dupont et al., 2012), 
summer-time transport from boreal regions (e.g., Stohl et al., 
2006; Paris et al., 2009), and surface deposition at elevation on 
the Greenland Ice Sheet (Thomas et al., 2017).

4.5 Monitoring techniques and datasets

Earth observation satellites have been providing global-scale 
measurements related to wildfires since the 1970s. Many 
different sensors have provided information on burned 
areas and the radiative energy of active fires, such as the 
Moderate Resolution Imaging Spectroradiometer (MODIS, 
on the NASA Terra and Aqua satellites), the Visible Infrared 
Imaging Radiometer Suite (VIIRS, on NOAA satellites), 
and the Sea and Land Surface Temperature Radiometer 
(SLSTR, on the European Copernicus Sentinel-3 satellites) 
instruments currently providing the wildfire observations 

from polar-orbiting satellites. Of particular note is the two-
decade dataset of active fire observations provided by the 
MODIS instruments on the NASA Terra and Aqua satellites, 
which provide measurements during mid-morning and early 
afternoon each day. The active fire observations are available 
in near-real-time, allowing for a rapid assessment of the scale 
of Arctic wildfires through the observed fire radiative power 
(FRP) and estimated emissions of smoke pollutants (including 
particulate matter, volatile organic compounds, carbon and 
greenhouse gases). A number of datasets provide long-term 
information on fire emissions using these satellite observations. 
This report considers estimated fire emissions of carbon from 
the combined Terra and Aqua MODIS observations by the 
Global Fire Assimilation System v1.2 (GFASv1.2; Kaiser 
et al., 2012), from the Copernicus Atmosphere Monitoring 
Service (CAMS). 

4.6 Wildfire occurrence and emissions

The geographical distribution of high latitude wildfires varies 
from year to year. Figure 4.2 shows some of the approximate 
shifts in wildfire occurrence within the Arctic Circle and 
illustrates the shift from North America between 2003 and 
2009 to Eurasia in the 2010s and 2020s (with most fires 
occurring in 2019 and 2020). Figure 4.3 shows the annual 
total estimated wildfire carbon emissions from the Arctic 
and subarctic latitudes. The scale of the fire emissions from 
Arctic latitudes in 2019 and 2020 (~35 and 60 million tonnes 
of carbon, respectively) clearly stands out, with the 2021 
and 2022 emissions returning to more typical values, 
below 20 million tonnes of carbon. Table 4.1 summarizes 
the Arctic and subarctic wildfire emissions for each of the 
past three decades. For the Arctic, subarctic and combined 
regions, the mean annual total emissions increased in each 
subsequent decade, with the total estimated emissions for 
2020–2024 already higher than the total for 2003–2009. The 
post-2020 reduction in emissions reflects the return to less 
intense regional temperature and soil moisture anomalies at 
Arctic latitudes in Eurasia (McCarty et al., 2021; C3S, 2022). 
However, summer 2021 was notable for large-scale wildfires 
at subarctic boreal latitudes in both North America and 
Eurasia simultaneously, leading to the highest estimated fire 

Table 4.1 Estimated carbon emissions from wildfires north of 60°N for the 
years available in each of the past three decades based on Terra and Aqua 
MODIS active fire observations assimilated in the Global Fire Assimilation 
System (GFASv1.2). Source: Copernicus Atmosphere Monitoring Service 
/ European Centre for Medium-Range Weather Forecasts (Data ref. 4.1).

Region Mean (sum) annual total wildfire carbon 
emissions, 106 t C

2003–2009 2010–2019 2020–2024

Arctic
(66.6–90°N)

7.9
(55.3)

10.4
(103.9)

24.7
(123.6)

Subarctic
(60–66.6°N)

61.9
(433.5)

94.1
(941.4)

142.0
(709.8)

Arctic + Subarctic
(60–90°N)

69.8
(488.8)

104.5
(1045.3)

166.7
(833.4)
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emissions anomaly of the past two decades worldwide (Zheng 
et al., 2023). The 2021 fires occurred in a widespread area of 
anomalously low soil moisture centered on the Sakha Republic 
of Russia, which resulted in persistent fires for several weeks 
and a significant long-range transport episode of smoke 
across the Arctic Ocean and North Pole (C3S, 2022). Summer 
2022 saw significantly reduced numbers of wildfires and 
associated emissions in the Eurasian Arctic region with fire 
mostly occurring in Alaska and the Yukon and the Northwest 
Territories of Canada (C3S, 2023). High-latitude wildfires 
increased in 2023 following a prolonged period of persistent 
large-scale wildfires which burned across Canada between 
May and September, producing high-profile long-range 
transport of smoke to the temperate regions of Canada and 
the United States (Jain et al., 2024). Many of the wildfires in 
Canada, particularly in the Northwest Territories, occurred at 
high latitudes north of 60°N and produced emissions that were 
estimated to account for 20% to 30% of the global total wildfire 
emissions for the year (C3S, 2024; Jain et al., 2024; Kolden 
et al., 2024). The early summer of 2024 witnessed an increase 
in the number and estimated emissions of wildfires in the 
Arctic Circle, particularly in the Sakha Republic. The monthly 
total estimated emissions for June 2024 were the third highest, 
behind 2019 and 2020, of the past two decades and followed a 
period of anomalously high surface air temperatures and low 
soil moisture in that region. Additional high latitude wildfires 
also occurred in early summer 2024 in subarctic regions of 
North America, notably Alaska, Yukon Territory, Northwest 
Territories and northeastern British Columbia.

Emerging research on Arctic fires has been to identify the 
potential for fires from one year to re-emerge as an ignition 
source for wildfires and/or a continuing wildfire in the 
following year (McCarty et al., 2020; Scholten et al., 2021; 
Xu et al., 2022). The occurrence of holdover fires (sometimes 
referred to as overwintering fires), and their contribution to 
larger fires in the Arctic is challenging to quantify. Recent 
research into the application of satellite observations has 
shown improved prospects for identifying such fires, 
indicating a contribution of between 3% and 7% of the burned 
area in eastern Siberia (Xu et al., 2022) and a correlation of 
the occurrence following years with the highest burned area 
values (McCarty et al., 2021; Scholten et al., 2022).

As Arctic temperatures continue to increase at a faster rate 
than the rest of the planet, the prospect of large-scale persistent 
wildfires, such as those of 2019 and 2020 (C3S, 2020, 2021) 
will remain high. One positive factor of the raised profile 
of Arctic wildfires is acknowledging the role of Indigenous 
knowledge of fire behavior and fire management practices. 
A review of the relationship between Indigenous Peoples 
and wildfires across boreal North America (Christianson 
et al., 2022) provides historical context for this and indicates 
the need for better integration of Indigenous practices in 
understanding fires and improving management and decision-
making around wildfires.

2003–2009
2010–2019
2020–2024

Figure 4.2 Geographical distribution 
of daily fire locations north of 60°N 
per decade based on Terra and Aqua 
MODIS active fire observations 
assimilated in the Global Fire 
Assimilation System (GFASv1.2) 
during June-July-August. Only 
locations with Fire Radiative 
Power values above a threshold 
of 1 GW per day are shown. 
Source: Copernicus Atmosphere 
Monitoring Service / European 
Centre for Medium-Range Weather 
Forecasts (Data ref. 4.1).
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4.7 Conclusions

The occurrence and impacts of wildfires in the Arctic reflect 
the culmination of many complex interactions between human, 
biogeographical, and hydrometeorological factors. With the 
current rate of climate change, close monitoring of the Arctic 
region is essential for gaining a better understanding of the 
processes involved. Much knowledge has been accumulated on 
fuel types and conditions, fire types (surface, crown, or ground 
fires) and the role of surface and atmospheric climate states in 
relation to Arctic fires. Furthermore, monitoring is essential 
for evaluating the health and climate impacts of wildfire smoke 
originating from and transported to Arctic regions.

Fire regimes, which can generally be defined in terms of fire 
frequency, seasonality, type, typical size and severity, and 
ignition types (Hanes et al., 2019), are complex and require 
multi-disciplinary research. Integrated modeling of future 
wildfires in the boreal and Arctic regions will, likewise, need 
to account for socio-biogeographical and hydrometeorological 
variables in addition to natural and human-caused drivers 
of fire ignitions. Fire regimes will vary across Arctic and 
boreal landscapes and research needs, including modeling 
frameworks, for addressing these knowledge gaps must be able 
to take these complexities into consideration. For example, 
what is considered an extreme fire for Greenland, such as the 
2017 and 2019 wildfires (Evangeliou et al., 2019), might not be 
considered extreme for tundra regions of North America and 
Siberia. Similarly, fire management and stewardship practices 
vary across Arctic and boreal landscapes. Improving how the 
scientific community monitors, quantifies, and integrates 
the changing policy and management landscapes of cultural 
Indigenous burning, prescribed fires, fire prevention / fuel 
breaks / suppression, and wildfire dynamics in diverse Arctic 
and boreal landscapes will be necessary to build improved 
next-generation models of biogeophysical processes that may 
be used to inform decision-makers and local communities. 
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5.1 Introduction

The cryosphere, which refers to the frozen parts of the Earth’s 
surface, including glaciers, ice caps, ice sheets, permafrost, sea 
ice, and snow, plays a crucial role in the Earth’s climate system 
and is of significant importance for the planet’s ecosystems, 
human societies, and local to global climate. Since the 1980s, the 
Arctic cryosphere has been diminishing, and the timing of the 
melt-freeze cycle has changed: with earlier melt and later freeze. 
This has resulted in major changes in the physical and chemical 
environment of the Arctic, a shift in conditions for living 
species, and potentially an alteration in the role of the Arctic 
in the global climate system (AMAP, 2017). Climate-forced 
population displacement, including community relocation, is 
expected to be one of the greatest climate adaptation challenges 
for Alaska Native communities (Bronen et al., 2020) and people 
more generally across the Arctic. 

This chapter provides an update on findings regarding changes 
in the Arctic cryosphere components since AMAP’s Arctic 
Climate Change Update 2021: Key Trends and Impacts 
(AMAP, 2021a) and, in the case of permafrost, since AMAP’s 
Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017 
assessment (AMAP, 2017). The chapter synthesizes recent 
knowledge on changes in the cryosphere, including key findings 
from the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change (AR6; IPCC, 2021), and its Special 

Report on the Ocean and Cryosphere in a Changing Climate 
(IPCC, 2019). As discussed in Chapter 2, the Arctic is warming 
much faster than the global mean (Rantanen et al., 2022) and 
the resulting changes in the cryosphere, such as thawing 
permafrost, reductions in snow and ice cover, and reductions 
in land ice can exert positive feedback effects on local and global 
climate systems. The various components of the cryosphere are 
each addressed in the following sections. 

5.2 Permafrost

Permafrost is defined as earth materials (soil or rock, and organic 
matter) that remain below 0°C for two or more consecutive 
years (IPA, 1998). Extensive regions of the Arctic landscape 
are underlain by permafrost. Permafrost has an important 
influence on landscape stability, hydrological systems, and 
ecosystems (Schuur and Mack, 2018; Smith et al., 2022). Recent 
evidence indicates that permafrost is warming and thawing 
in response to climate change (e.g., Biskaborn et al., 2019; 
Box et al., 2021; Gulev et al., 2021; Smith et al., 2022, 2023). 
Thawing of permafrost, especially when ice-rich, can lead to 
ground instability including surface subsidence, which has 
implications for infrastructure integrity (Hjort et al., 2022). 
Changes in permafrost can also have impacts on traditional 
activities, including access to land, and can pose risks to travel, 
health and food security (e.g., Hausner et al., 2021; Hancock 

Key findings
•	 Since 1980, the Arctic cryosphere has diminished both on land 

(permafrost and snow) and over the ocean (sea ice). The melt 
season has lengthened while the freeze season has shortened. 

•	 Permafrost has warmed and thawed over the past four 
decades, which has led to landscape change especially where 
permafrost is ice-rich. Permafrost degradation is expected 
to continue in response to increasing air temperature but 
there is less certainty regarding the magnitude and timing 
of the response.

•	 Snow-cover extent has declined substantially in spring and 
autumn based on a combination of multiple snow products, 
which is consistent with earlier assessments. A larger declining 
trend was found in Eurasia than in North America. Seasonal 
maximum snow-water equivalent is projected to decrease 
across much of the Arctic, but regional increases are expected 
in eastern Siberia and the Canadian Arctic Archipelago. 
Projected spring snow extent and snow mass both show a nearly 
linear response to the increase in global mean near-surface 
temperature regardless of the emission scenarios employed in 
the climate model (CMIP6) simulations.

•	 The largest sea-level rise contributions are glacier melt 
from Greenland, Alaska, and Arctic Canada, resulting 
from amplified Arctic warming and increasing atmospheric 
rivers reaching Greenland. The rates of Arctic glacier ice loss 
have increased for all regions in each successive decade since 
the 1970s.

•	 Over the 43-year record (1980–2023), the decline in sea-ice 
extent is greater in September (month of the annual minimum 
extent) than in March (month of the annual maximum 
extent). Decadal variability is also more pronounced in 
September than in March. The largest decline in these months 
occurred in the period 1993–2006.

•	 Sea-ice thickness shows large regional variability based on 
satellite data for 2011–2022. A sea ice-free Arctic summer 
is projected by mid-century based on CMIP6 models under 
the moderate to high greenhouse gas emissions scenarios, 
consistent with previous climate model projections.

Wang, M., S.L. Smith, J.E. Box, S. Gerland, K. Isaksen, W.N. Meier, L. Mudryk, S.M. 
Natali, V.E. Romanovsky, Q. Shu and M. Sigmond, 2024. Cryosphere. In: AMAP Arctic 
Climate Change Update 2024: Key Trends and Impacts, pp. 31-56. Arctic Monitoring and 
Assessment Programme (AMAP), Tromsø, Norway. https://doi.org/10.21352/g8qd-6h14
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et al., 2022). Permafrost can also store large amounts of carbon 
which can be mobilized as the ground thaws, resulting in the 
release of greenhouse gasses with feedback to the climate system 
(e.g., Miner et al., 2022; Schuur et al., 2022). 

Knowledge of permafrost conditions and their evolution under 
a changing climate is therefore critical for assessing impacts on 
the natural and built environments and to inform the response 
to these impacts. This section synthesizes observed changes 
in permafrost thermal state and active layer thickness, as well 
as other evidence of changing permafrost conditions. New 
knowledge regarding the causes of these changes is discussed 
and recent projections of future conditions are summarized. 

5.2.1 �Indicators of changing permafrost 
conditions

5.2.1.1 Permafrost temperatures

Permafrost temperatures measured in boreholes up to 20–30 m 
deep are indicators of changing thermal state. Measurements 
have been made across the Arctic for more than four decades 

at some sites. Clear evidence of increases in permafrost 
temperature have been reported in earlier assessments (AMAP, 
2017; Biskaborn et al., 2019; Box et al., 2021; Smith et al., 2022). 
Time series updated to 2021–2023 show that permafrost is 
warming in all regions of the Arctic, with temperatures over 
the past decade generally being among the highest recorded 
(Figure 5.1a; see also Chapter 2).

Regional rates of temperature change (Figure 5.1b) vary from 
0.19°C/decade in the warm (generally above -2°C) permafrost 
in the discontinuous zone of Interior Alaska and the central 
Mackenzie Valley in the Northwest Territories, to 0.59°C/decade 
for colder permafrost in the Beaufort-Chukchi seas region 
(Table 5.1) for the period 1978 to 2023. This is reflected in the 
grouping evident in Figure 5.1b, with temperature increases 
generally greater in colder permafrost than in warmer 
permafrost. These results are in general agreement with the 
findings of IPCC AR6 (Gulev et al., 2021), based on data up 
to 2019. Within each region, there is spatial variation in the 
magnitude of permafrost warming (e.g., Smith et al., 2022). 
The highest rates of warming (>0.5°C/decade) are found in the 
Canadian High Arctic, northern Alaska and Svalbard, and the 

Figure 5.1 (a) Average departures of permafrost temperature (measured in the upper 20–30 m) from a baseline established during the International Polar 
Year (IPY 2007–2009) for four Arctic regions and (b) rates of permafrost temperature change vs average temperature for the entire available record for 
individual sites in each of the four regions. See Smith et al. (2023) for data sources and location of sites. Note: some sites were established after 2000.

Table 5.1 Number of sites, mean temperature, and rate of permafrost temperature change for the four regions shown in Figure 5.1 for the period 1978 
to 2023. Maximum and minimum rates for each region are based on rates determined for individual sites.

Region Number of sites Mean temperature, °C 
Rate of change, °C/decade

Regional Maximum Minimum

Baffin-Davis Strait 7 -10.95 0.47 1.20 0.38

Beaufort-Chukchi Seas 9 -6.23 0.59 0.81 0.40

Interior Alaska, central 
Mackenzie Valley 

10 -1.37 0.19 0.35 0.06

Barents 11 -2.15 0.41 0.70 0.08

Beaufort-Chukchi Seas – Northern Alaska and Northwest Territories

Ba�n-Davis Strait, eastern and High Arctic Canada

Nordic region and Russia/Siberia

Interior Alaska & central Mackenzie Valley, Northwest Territories

Rate of change, 
°C/decadea. b.

Record average temperature, °C
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western Russian Arctic (Box et al., 2019; Etzelmüller et al., 2020; 
Vasiliev et al., 2020; Isaksen et al., 2022; Malkova et al., 2022; 
Smith et al., 2024). Shorter records (2014–2021) from northern 
Greenland also indicate similar rates of warming (Strand et al., 
2022). In northern Norway, warming of up to 0.5°C/decade has 
been observed (Etzelmüller et al., 2023; Smith et al., 2023). In 
warmer permafrost at temperatures close to 0°C, such as that 
found in the discontinuous permafrost zone of northwestern 
North America, the Nordic region (e.g., southern Norway), 
Iceland, warmer regions of the Russian European north, and 
northwest Siberia, increases in temperature have been minimal 
(Smith et al., 2019, 2023; Isaksen et al., 2022; Malkova et al., 
2022; Etzelmüller et al., 2023). This is especially true of ice-rich 
permafrost where energy (i.e., latent heat) is required to melt 
ground ice but results in little change in ground temperature 
(Romanovsky et al., 2017). Exceptions include sites where ice 
contents are low, including those underlain by bedrock.

5.2.1.2 Active layer thickness

Active layer thickness (ALT) – the thickness of the seasonally 
thawed layer above permafrost – has been determined across 
the Arctic since 1991 by the Circumpolar Active Layer 
Monitoring Network (CALM; Nelson et al., 2021). At most sites, 
ALT is determined by mechanical probing. In the Mackenzie 
Valley in northwestern Canada, thaw tubes are used, while 
interpolation of shallow temperatures is used at some Nordic 
sites to determine ALT. Regional anomalies for ALT based on 
data from 88 sites (Figure 5.2) indicate far greater interannual 
variability compared to deeper permafrost temperatures. 
Trends are also highly variable spatially, with ALT increasing 
over time in some regions but showing little change in others 
(Table 5.2).

Trends are evident in the interior Alaskan, Nordic, and Russian 
Arctic sites (Figure 5.2), with large increases in ALT observed 
in the Russian European North and western and central Siberia, 

averaging 1.4 cm/y and up to >3 cm/y at some sites (Kaverin 
et al., 2021; Malkova et al., 2022). Large increases in ALT have 
also been observed at Nordic sites, averaging 1.8 cm/y but with 
considerable interannual variability (Etzelmüller et al., 2020; 
Strand et al., 2021). The highest increases in the Nordic region, 
greater than 5 cm/y, were observed in southern Norway. The 
increased thaw in Norway and Iceland has also led to talik 
formation (a layer of unfrozen ground within permafrost) at 
some sites (Etzelmüller et al., 2023). In Alaska, the increases 
in ALT have been greatest in the interior (average 0.9 cm/y; 

Figure 5.2 Regional active layer thickness (ALT) anomalies relative to the record mean for the available period between 1990 and 2023 for most sites. 
Data are from the Circumpolar Active Layer Monitoring (CALM) Network (Data Ref. 5.1). Note: for some sites there was limited data collection for 
2020–2022. See Table 5.2 for a regional description and additional information on the number of sites per region, and the CALM website for individual 
site information including record length.
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Table 5.2 Rate of change in active layer thickness in six Arctic regions based 
on data from the Circumpolar Active Layer Monitoring (CALM) Network 
(Data Ref. 5.1), with the latest data in 2023 where available.

Region
Rate of change in ALT, cm/ya

Number 
of sitesb

Average Range 

Alaska North Slope 0.2 -0.1 to 0.4 25

Alaska Interior 0.9 0 to 3.3 5

Canada (Mackenzie Valley 
and Eastern Arctic)

0.0 -1.0 to 0.7 7

Nordic (including 
Svalbard and Greenland)

1.8 0.5 to 7.5 7

Russian European North, 
and western and central 
Siberia

1.4 0 to 3.7 20

Northeastern Siberia 
(including Chukotka and 
Kamchatka)

0.3 -1.0 to 1.4 24

aActive layer thickness is determined by mechanical probing in most sites. 
The exceptions are Canadian sites which use thaw tubes, and three Nordic 
sites which use ground temperature measurements. bSites are largely located 
in unconsolidated material, except for two sites in weathered bedrock 
with patchy till. Sites included have at least 10 years of data ending in 
2018 or later.
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Smith et al., 2023), with greater increases after 2013 (Figure 5.2). 
Positive but smaller trends (average 0.3 cm/y) have been 
observed in northeastern Siberia (Table 5.2) (Abramov et al., 
2021). For the Mackenzie Valley and North Slope of Alaska, 
ALT trends have averaged 0–0.1 cm/y (Smith et al., 2023).

The negligible or small changes in ALT observed at some sites are 
partly due to the latent heat required to melt ground ice, which 
results in smaller increases in shallow ground temperature 
(i.e., sensible heat). However, in some cases, small increases in 
ALT can occur even though thaw progresses deeper into the 
ground over time (O’Neill et al., 2023). This is due to ground 
subsidence and the soil consolidation that accompanies the 
thawing in ice-rich permafrost. The amount of permafrost thaw 
at ice-rich sites is therefore obscured when ALT measurements 
are made using the ground surface position each year as the 
reference datum rather than a fixed datum (Streletskiy et al., 
2017; Vasiliev et al., 2020; Abramov et al., 2021; Smith et al., 
2022; O’Neill et al., 2023). Ground surface subsidence has 
recently been documented at some sites in North America. 
In northwestern Canada in the Mackenzie Valley and Delta 
region, significant subsidence was recorded at 21 sites from 
1991 to 2018 at a median rate of 0.4 cm/y and a maximum rate 
of 1.4 cm/y, based on data collected from thaw tubes (O’Neill 
et al., 2023). Similar rates were found in northern Alaska based 
on assessments of elevation change derived from differential 
GPS measurements. Between 2003 and 2015, subsidence of 
0.4–1.0 cm/y was observed at three sites in the Utqiaġvik area 
(Streletskiy et al., 2017), and observations between 2000 and 
2018 at three sites in the Outer Coastal Plain and Northern 
Foothills indicate 0.7–0.8 cm/y of subsidence (Nyland et al., 
2021). At a site further south near Healy, 1.2 cm/y of subsidence 
was observed between 2009 and 2018 (Rodenhizer et al., 2020). 
In the Canadian High Arctic, subsidence of 3.3–7.5 cm/y was 
observed between 2003 and 2016 in ice-wedge polygon troughs, 
indicating significant permafrost degradation over the 12-year 
period (Farquharson et al., 2019).

5.2.1.3 Landscape change

Thawing of ice-rich permafrost can lead to differential 
subsidence of the ground surface resulting in thermokarst 
topography. Thermokarst can be associated with mass 
movements, including retrogressive thaw slumps, collapse 
of ice-cored peat plateaus and palsas, and the formation of 
thermokarst lakes. In addition to the local-scale observation of 
ground subsidence, thaw-driven landscape changes have been 
documented over larger areas through analysis of satellite and 
airborne remotely sensed imagery (Bernhard et al., 2020; Nitze 
et al., 2021; Witharana et al., 2022; Yang et al., 2023), providing 
additional evidence of changes in permafrost conditions. These 
changes in the landscape can further exacerbate permafrost 
thaw, for example, by removing material and changing surface 
boundary conditions (e.g., Smith et al., 2022).

Degradation of permafrost in organic terrain, such as peatlands 
and palsas, has recently been documented in North America 
and Scandinavia (Olvmo et al., 2020; Douglas et al., 2021; 
Gibson et al., 2021; Veremeeva et al., 2021; Chen et al., 2022). 
Gibson et al. (2021) found, for example, that for an area of over 
370,000 km2 in the central and southern Mackenzie Valley, 

70% of the peatland area was affected by permafrost thaw. A 
decline in the extent of permafrost in palsa areas, accompanied 
by increased ground subsidence, has also been documented in 
Sweden since the 1960s (de la Barreda-Bautista et al., 2022).

Change in lake area can also be an indicator of ground thaw. 
Observations in Siberia and Alaska include increases in lake 
area as permafrost degrades and thermokarst lakes form and/or 
enlarge as the ground subsides, and reductions in lake area 
associated with thaw-induced lake drainage (Swanson, 2019; 
Lindgren et al., 2021; Veremeeva et al., 2021; Chen et al., 2022; 
Webb et al., 2022). In northwest Alaska, widespread subsurface 
drainage since 2015 is thought to have been driven by talik 
development (Jones et al., 2022). 

Degradation of ice wedges and thermo-erosion have been 
documented in North America and Siberia (Farquharson 
et al., 2019; Gagnon and Allard, 2020; Burn et al., 2021; 
Morgenstern et al., 2021; Jorgenson et al., 2022a). Field-based 
studies in Nunavik in northern Quebec, Canada, indicate that 
between 1989 and 2018, widespread ice-wedge degradation 
occurred with ice wedge tops becoming consistently deeper 
(Gagnon and Allard, 2020). Widespread ice-wedge degradation 
in northeastern Alaska has been detected through analysis 
of imagery, with the proportion of ice wedges undergoing 
degradation increasing from 2% in 1950 to 19% in 2018 
(Jorgenson et al., 2022a). Increases in thermokarst area, density 
and size have also occurred. In Canada’s High Arctic on Banks 
Island, increases in ponding resulting from ice-wedge thaw 
on hilltops affected an area of at least 1500 km2 over a 32-year 
period (1985–2017) (Fraser et al., 2018).

Intensification of thaw slumping associated with permafrost 
degradation has been widely documented (Nitze et al., 2018; 
Lewkowicz and Way, 2019; Ward Jones et al., 2019; Kokelj 
et al., 2021; Bernhard et al., 2022a,b). On Banks Island, a 
60-fold increase in the number of retrogressive thaw slumps 
was observed between 1984 and 2015, with over 4000 being 
initiated over this period (Lewkowicz and Way, 2019). A 300% 
increase in retrogressive thaw slumps-affected area over the past 
two decades has been documented in northern Siberia (Runge 
et al., 2022). Bernhard et al. (2022a) reported a 43-fold increase 
in thaw slumping in the Taymyr Peninsula over the past two 
decades. Imagery analysis at ten sites across the Arctic revealed 
significant changes in volume and area in retrogressive thaw 
slumps over a 5-year period (2012–2017), with an increase 
in material mobilized for 1853 retrogressive thaw slumps of 
77 m3/y/km2 (Bernhard et al., 2022b). 

5.2.1.4 Coastal erosion

In addition to permafrost thaw, Arctic coasts are vulnerable 
to several other factors associated with a changing climate, 
including sea-level rise and changing sea-ice conditions 
(Irrgang et al., 2022), which makes attribution of coastal 
erosion complex. In most regions of the Arctic coast, the 
average 21st century erosion rates are more than 50% greater 
than during the latter three to four decades of the 20th century, 
particularly for permafrost in unlithified material (sediments) 
(Jones et al., 2020; Irrgang et al., 2022). Along sections of the 
Alaskan Beaufort Sea coast, erosion rates in the most recent 
decade have quadrupled (Jones et al., 2018, 2020; Gibbs et al., 
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2021). An acceleration in erosion over the past two decades has 
also been observed for sections of the Canadian Beaufort Sea 
coast (e.g., Whalen et al., 2022). The highest rates of coastline 
retreat in the 21st century are found along the Alaskan Beaufort 
Sea coast, ranging from 1.3 to 17.2 m/y (Jones et al., 2020), 
while rates along the Russian Arctic coast have reached up to 
9.5 m/y, with the fastest retreat occurring along the Laptev Sea 
coast (Jones et al., 2020; Irrgang et al., 2022).

5.2.2 Impact of climate and other factors

Climate change is an important factor driving changes in 
permafrost thermal state and active layer thickness. However, 
the response of the ground thermal regime to climate change 
is modulated by the interrelated effects of vegetation, snow 
cover, organic layer thickness, and the thermal properties of the 
underlying earth materials (e.g., Romanovsky et al., 2017; Smith 
et al., 2022). The observed changes in permafrost temperature 
(Figure 5.1a) are generally consistent with increases in air 
temperature (e.g., Romanovsky et al., 2017; Biskaborn et al., 
2019; Box et al., 2019, 2021; Etzelmüller et al., 2020; Smith et al., 
2024). It has, however, been suggested that some of the increase 
in permafrost temperature may be the result of changing 
surface energy exchanges due to increases in snow cover, which 
insulates the ground particularly in the discontinuous zone 
(Biskaborn et al., 2019). Observed permafrost thaw and talik 
development in Iceland and Norway have been attributed to 
increases in both air temperature and snow depth (Etzelmüller 
et al., 2023; see also discussions in Chapter 6).

Shorter-term variations in both air temperature and snow 
cover have also been associated with changes in permafrost 
temperature. Periods of low snow cover at some sites in the 
Alaskan Interior in 2007–2014 have been linked to the colder 
ground conditions that occurred at that time (Romanovsky 
et al., 2017), as evidenced by the lack of variation in permafrost 
temperature (Figure 5.1a). More recently, lower air temperature 
in 2019–2022 in northern Alaska is associated with a decrease 
in ground temperature down to depths of 20 m (Figure 5.3). 
Similar recent decreases in permafrost temperature have been 

observed elsewhere in northwestern North America (Beaufort–
Chukchi Sea region in Figure 5.1a, see also Chapter 2). Lower 
ground temperature and a decrease in ALT were also observed 
after 2020 at Svalbard (Figure 5.4), likely in response to lower 
air temperature (Smith et al., 2023). Lower ground temperatures 
in southern Scandinavia in 2011–2014 have been attributed to 
colder winters in 2010–2013 (Etzelmüller et al., 2020, 2023). A 
mild and snowy winter in 2017–2018 resulted in the active layer 
at many sites in the Alaskan Interior not completely freezing 
down to the permafrost table and initiation of talik formation 
(Romanovsky et al., 2019; Farquharson et al., 2022). 

Periods of extreme warming can also have impacts on 
permafrost. Extreme warming in Norway in 2005 and 
2006 and Svalbard in 2016 resulted in record high near-
surface permafrost temperatures and a longer period for 
freeze-back of the active layer during the autumn/winter 
(Isaksen et al., 2022). ALT in Svalbard was also greater than 
in previous years (Figure 5.4); extreme warming in Svalbard 

Figure 5.3 Air, surface, and ground temperatures (permafrost surface and 20 m depth) for a permafrost monitoring site at Deadhorse in northern Alaska, 
1987–2022. Source: updated from Romanovsky et al. (2017).

Figure 5.4 Active layer thickness for the Circumpolar Active Layer 
Monitoring (CALM) Network site at Janssonhaugen, Svalbard. Source: 
Data Ref. 5.1.

Air

Ground surface

Permafrost surface

Permafrost at 20m

Temperature, °C Deadhorse, northern Alaska
0

-1

-2

-3

-4

-5

-6

-7

-8

-9

-10

-11

-12

-13

-14

-15
1990 2000 2010 2020

Active layer thickness, cm Janssonhaugen, Svalbard
200

190

180

170

160

150
2000 2005 2010 2015 2020

35Chapter 5 · Cryosphere



in 2016 resulted in ground temperatures down to 5–10 m 
being significantly higher than the maximum temperature 
observed in previous years (Isaksen et al., 2022). Lower air 
temperatures following 2016 led to ground cooling and a 
decrease in ALT (Christiansen et al., 2021). Similar impacts 
on shallow ground temperature were observed in central and 
northern Alaska in response to higher air temperatures in 
2014–2019 (e.g., Figure 5.3), and widespread increases in 
thaw were also observed (Douglas et al., 2021; Swanson et al., 
2021). The increase in ALT in 2020 in Siberia (Figure 5.2) has 
been attributed to a heatwave (Noetzli et al., 2021). Bernhard 
et al. (2022a) reported rapid initiation of retrogressive 
thaw slumps in the Taymyr Peninsula coinciding with the 
2020 heatwave.

Fire, associated with warm and dry conditions, and the 
associated damage to vegetation and the organic layer can 
result in increases in ground temperature and ALT following 
the fire, with the magnitude of the increase depending on 
burn severity (Holloway et al., 2020; Li et al., 2021). These 
changes are generally greatest in the first five to ten years 
after the fire, followed by recovery in some ecosystems. 
However, progressive thaw and talik development can occur 
and last decades or more and, with the added effect of climate 
warming, permafrost may not recover, especially at the 
southern margins of the permafrost zone (Holloway et al., 
2020). Fire has been identified as a major driver of permafrost 
thaw in boreal peatlands, accounting for 2200±1500 km2 
of thermokarst bog development in western Canadian 
permafrost peatlands over the past three decades, which is 
about 25% of all thermokarst bog expansion (Gibson et al., 
2018). In northern Alaska, fire has been responsible for 10.5% 
of all thermokarst development (1950–2015), despite only 
affecting 3.4% of the tundra landscape (Chen et al., 2021). 
Over the four decades post-fire in the Alaskan tundra, 
thermokarst area was nine times greater within burn scars 
than in unburned tundra (Chen et al., 2021). Several other 
studies report observations in Alaska and western Canada of 
greater thaw depths and increases in thermokarst in burned 
areas compared to undisturbed terrain (Rey et al., 2020; Chen 
et al., 2021; Rettelbach et al., 2021; Daly et al., 2022; Foster 
et al., 2022; Jorgenson et al., 2022b). Similar results have been 
reported for the continuous permafrost zone in Siberia where 
increases in thaw depth of 30–50 cm occurred within the 
first 30 years after burning (Kirdyanov et al., 2020). Legacy 
effects of fires that occurred in the 1990s have contributed 
to increases in landslides triggered by permafrost thaw in 
northwest Canada during 2004–2020 (Young et al., 2022). 

5.2.3 �Permafrost processes and 
ecosystem impacts

Widespread landscape changes associated with permafrost 
thaw have been documented across the Arctic. These 
changes and the resulting changes in land cover, including 
declining extent of permafrost palsas and peatlands, ice-
wedge degradation, talik formation, changes in surface water 
distribution and thaw slumping, also have implications for 
ecosystems (e.g., Gibson et al., 2021; Bernhard et al., 2022a,b; 
Jones et al., 2022; Jorgenson et al., 2022b; Webb et al., 2022). 

Permafrost thaw is altering the quantity and composition 
of organic carbon transported from terrestrial to aquatic 
ecosystems, through both erosion and mass wasting 
associated with thermokarst processes (Shakil et al., 2020; 
Keskitalo et al., 2021; Bernhard et al., 2022a). Thaw-induced 
changes in the landscape are also altering vegetation and 
ecosystem function (Burd et al., 2020). Permafrost thaw can 
also mobilize heavy metals, such as mercury, into Arctic 
wetlands, freshwater, and coastal systems (AMAP, 2021b). 
Based on measurements in soils and sediments across the 
Arctic, the permafrost mercury pool is estimated to be two-
fold higher than combined mercury stores in global soils, 
atmosphere, and the ocean (Schuster et al., 2018; AMAP, 
2021b; Rutkowski et al., 2021). Upon thaw and mobilization 
to anoxic environments (i.e., wetlands, aquatic systems), 
mercury can be transformed into methylmercury, which can 
bioaccumulate in aquatic food webs. In a Fennoscandian 
permafrost peatland, methylmercury levels in soils were an 
order of magnitude higher in recently thawed areas than in 
frozen peat plateaus (Tarbier et al., 2021).

Permafrost thaw has been associated with changes in carbon 
cycling processes across the permafrost region. While the high-
latitude permafrost region has been a carbon sink for millennia, 
it may become a net source of carbon to the atmosphere in the 
coming century (Schuur et al., 2022). At the pan-Arctic scale, 
estimates and uncertainty ranges for current tundra carbon 
dioxide (CO2) exchange span from a net CO2 sink to a source 
(Virkkala et al., 2021). However, in-situ observations and 
modeling studies suggest that thermokarst processes resulting 
from thawing of ice-rich permafrost may shift ecosystems to 
a net carbon source and accelerate carbon emission to the 
atmosphere (Turetsky et al., 2020; Knoblauch et al., 2021; 
Rodenhizer et al., 2022). 

Long-term observations at a subarctic tundra site in Alaska 
have shown that thawing permafrost has already shifted this 
ecosystem to a net CO2 source to the atmosphere (Schuur 
et al., 2021). At a long-term warming experiment at this 
site, permafrost thaw increased methane (CH4) emissions, 
particularly in wet, graminoid-dominated microsites (Taylor 
et al., 2021). Recent studies have also highlighted the additional 
potential permafrost climate feedback resulting from nitrous 
oxide (N2O) emissions, including from thawing yedoma (thick 
ice-rich silt deposits with organics) in the coldest regions of 
northeast Siberia and Alaska (Marushchak et al., 2021; Schuur 
et al., 2022).

Permafrost thaw-driven hydrological changes are a major 
driver of changes in carbon cycling, leading to decreased CH4 
emissions associated with drainage (Keuschnig et al., 2022) and 
increased CH4 emissions from thermokarst ponds and thaw-
induced wetland processes (Beckebanze et al., 2022; Holmes 
et al., 2022). Permafrost thaw has also been associated with 
increased CO2 uptake, including due to earlier vegetation 
green-up across the permafrost region (Wang and Liu, 2022) 
and thaw-related changes in inundation and vegetation in a 
permafrost wetland complex in Sweden (Holmes et al., 2022). 
Permafrost thaw also affects the hydrological cycle, including 
surface water distribution and subsurface flow. See further 
discussions in Chapter 6.
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5.2.4 Projections of future conditions

Observational evidence of permafrost warming and thawing 
in response to increases in air temperature over the past few 
decades indicates that further climate warming will continue to 
have impacts on permafrost conditions although there is much 
uncertainty regarding the magnitude and timing of the response 
(Meredith et al., 2019; Fisher and Koven, 2020; Fox-Kemper et 
al., 2021). Recent projections utilizing an equilibrium model 
suggest a committed loss of 30% and 40% of the area currently 
underlain by permafrost for global warming scenarios 1.5°C 
and 2°C above pre-industrial levels, respectively (Chadburn 
et al., 2017). Transient model projections generally focus on 
permafrost occurrence and loss in the upper 2–3 m. Depending 
on the climate scenario considered, thaw depth is projected to 
exceed 3 m over 24% (±16%) to 70% (±20%) of the current 
permafrost region by 2100 according to a recent IPCC report 
(Meredith et al., 2019). Other simulations indicate complete loss 
of permafrost in the upper 3 m under the most extreme warming 
scenario (RCP8.5) by 2100 (McSweeney and Kooperman, 
2022). According to simulations by Burke et al. (2020; see also 
Fox-Kemper et al., 2021), reductions in northern hemisphere 
permafrost volume of 3.0–5.3 x 103 km3 are anticipated for each 
1°C increase in global mean surface air temperature, under 
SSP1-2.6 to SSP5-8.5 scenarios, but thaw below 2 m depth is 
not considered in projections. At a regional scale, simulations 
for subarctic Alaska project an increase in thaw depth of 1 m per 
1°C increase in the site mean annual air temperature (Garnello 
et al., 2021); up to 5 m (RCP4.5) and more than 10 m (RCP8.5) 
of thaw are projected to occur by 2100.

There are limitations associated with many models utilized to 
simulate future conditions under a changing climate (Smith 
et al., 2022), including representation of subsurface material 
properties such as excess ice content, latent heat effects, and 
ground subsidence, which influence the thermal response of 
frozen ground to changes in air temperature. However, there 
have been recent efforts directed at improved representation 
of excess ice (Aas et al., 2019; Cai et al., 2020; Nitzbon 
et al., 2020). The role of landscape changes, including ground 
subsidence, is also being recognized as a critical factor for 
improving simulations of permafrost thaw and carbon release 
(Turetsky et al., 2020; Rodenhizer et al., 2020, 2022). Adequate 
representation of snow cover, including its spatial variation, 
is another key limitation, although improvements are being 
made in the simulation of snow redistribution and impacts on 
surface temperature (Nicolsky et al., 2017; Zweigel et al., 2021). 
There is some evidence that changes in rainfall may also be 
important, as infiltration of summer rainfall can influence the 
ground thermal regime (e.g., Neumann et al., 2019; Douglas 
et al., 2020; Clayton, et al., 2021; Mekonnen et al., 2021). 
Better understanding of the effect of infiltrating rainfall and 
incorporation into models could improve future projections 
of permafrost conditions.

Vegetation is also responding to changes in climate and these 
changes may mitigate or amplify permafrost thaw (Loranty 
et al., 2018; Heijmans et al., 2022). The expansion of shrubs 
into tundra and its effects on snow cover has been of particular 
interest. The trapping of snow by shrubs generally results in 
warmer ground conditions compared to tundra with shorter 
vegetation (Frost et al., 2018; Wilcox et al., 2019; Kropp 

et al., 2020; Way and Lapalme, 2021; Evans et al., 2022). The 
expansion of shrubs could result in permafrost warming and 
thaw; however, there is limited direct evidence of this and 
the impacts of shrub expansion on ground thermal dynamics 
are complex (e.g., Wilcox et al., 2019; Evans et al., 2022). Not 
incorporating vegetation-permafrost interactions into models 
is therefore a limitation of projections of permafrost conditions 
under a changing climate.

5.2.5 Knowledge gaps and recommendations

In contrast to other cryospheric variables, permafrost is a 
subsurface phenomenon and, as such, direct monitoring of 
permafrost conditions including thermal state relies on in-
situ measurements rather than remote sensing techniques. 
This leads to spatial gaps in the understanding of changes 
in the permafrost thermal regime. Expansion of the 
permafrost monitoring network, including co-location with 
other observations, such as meteorological and cryospheric 
conditions (e.g., snow depth), would improve information 
for attribution of changes in permafrost conditions. Remote 
sensing techniques are becoming widely used for detecting 
landscape change that may be associated with warming 
and thawing of permafrost. While the utility of satellite 
data has been proven at local to regional scale, circumpolar 
implementation is still lacking (Bartsch et al., 2023). Greater 
integration between satellite and airborne observations with 
in-situ measurements would enhance permafrost monitoring 
over larger areas. Advancing development of applications to 
provide more direct measurement of permafrost characteristics 
would also be beneficial. This includes improved quantification 
of ground surface elevation and subsidence combined with 
thermal measurements to improve assessment of permafrost 
degradation as well as to reconcile subsidence measurements 
with displacement acquired from satellite imagery analyses 
(e.g., InSAR - Interferometric Synthetic Aperture Radar).

Greater understanding of the complex interactions between 
permafrost and atmospheric conditions (air temperature and 
precipitation), vegetation, and snow cover and incorporation of 
these interactions into models is required to reduce uncertainty 
in the assessment of the response of the ground thermal 
regime to climate change. Improved information on ground-
ice conditions is required because adequate representation 
is currently lacking in simulations of future permafrost 
conditions, including their impact on the carbon cycle. Models 
could also be improved by better incorporation of landscape 
change that can exacerbate permafrost thaw. 

5.3 �Terrestrial snow-cover extent 
and mass

Most Arctic land areas accumulate snow during winter. The 
timing of the transition seasons in spring and autumn is sensitive 
to temperature, with higher air temperatures driving earlier spring 
melt and later autumn snow-onset. The amount of seasonal snow 
accumulation (expressed as the snow-water equivalent, SWE) 
is driven by total precipitation, temperature (via both melt and 
changes in the fraction of precipitation falling as snow), and 
surface processes such as wind redistribution and landscape or 
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vegetation interception. Changes in the timing of snow cover 
and SWE affect the surface energy budget (Flanner et al., 2011; 
Euskirchen et al., 2016), the ground thermal regime and associated 
carbon fluxes (Natali et al., 2019), and the Arctic freshwater budget 
(Déry et al., 2016). Snow-cover changes also affect terrestrial and 
aquatic ecosystems, human community health and well-being, 
transportation, and infrastructure (Meredith et al., 2019).

As shown by Mortimer et al. (2020), combining multiple snow 
products produces better statistical agreement with reference 
snow-survey data. Here, to determine trends in snow-cover 
extent and SWE (1967–2023) across Arctic land areas, five 
independent snow analyses are averaged:

1.	 Output from the Modern-Era Retrospective Analysis 
for Research and Applications version 2 (MERRA-2) 
(Gelaro et al., 2017).

2.	 ERA5-land output (Copernicus Climate Change Service 
Climate Data Store (Muñoz-Sabater et al., 2021).

3.	 ERA5-driven Crocus snowpack model (Brun et al., 2013).

4.	 European Space Agency - Snow - Climate Change 
Initiative (CCI) v2 (Data Ref. 5.2).

5.	 NOAA snow chart Climate Data Record (1967–1980) 
(Estilow et al., 2015) combined with the Rutgers 24km 
(1981–2021) product derived primarily from optical 
satellite imagery (Data Ref. 5.3).

Using the snow cover data updated through 2023 shows that, 
consistent with earlier assessments, spring snow-cover extent 
has declined substantially across Arctic land areas (Callaghan 
et al., 2011; Brown et al., 2017; Meredith et al., 2019; IPCC, 
2019; Pulliainen et al., 2020). The trend over the 1979–2023 
period using the average of the products listed in the previous 
paragraph indicates a 26.7% reduction in pan-Arctic snow 
extent for May through June (Chapter 2; Figure 2.1c). The 
relative decrease is larger across the Eurasian Arctic at 28%, 
while North American Arctic snow-cover extent decreased 
by only 13% (Figure 5.5a). Negative snow-cover extent trends 
are also observed for the Arctic as a whole in October and 
November (Mudryk et al., 2020).

April snow-mass trends averaged from Datasets 1 through 4 
are shown in Figure 5.5b. While Figure 5.5a indicated a robust 
signal of snow loss in Arctic spring snow extent, the trends in 
snow mass were weakly negative (over Eurasia) to statistically 
indistinguishable from zero (over North America) and show 
a comparatively high degree of interannual variability. April 
snow mass is analyzed as a reasonable proxy for the seasonal 
peak value, capturing the total snow accumulation since the 
preceding autumn, but excluding the influence of snow melt 
during May and June. For the Eurasian Arctic, a period of 
generally decreasing SWE between 1981 and 2010 was followed 
more recently by higher Arctic snow-mass values. Climate 
models project increasing peak SWE on average across Arctic 
land areas (see below), with statistically significant changes 

Figure 5.5 (a) Arctic spring (May through June) snow-cover extent on land for 1967–2023; all the linear trends passed the statistical test with higher than 
99% confidence level, and (b) regional snow mass for 1981–2023 for April north of 60°N. Each dot indicates the average of the datasets listed in the text 
below and the whiskers indicate the 95% confidence range.
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emerging by the end of the century (Brown et al., 2017). It is 
clear from the historical record, however, that increased snow 
accumulation will not provide a ‘buffer’ against earlier spring 
snowmelt driven by increasing temperatures. While variability 
in precipitation strongly influences the snow-mass time series 
from year to year (since outside the ‘shoulder seasons’, usually 
defined as October and November in the autumn and April 
and May in the spring, Arctic temperatures are and will remain 
sufficiently low for snow to accumulate), increased near-surface 
air temperature and downward longwave irradiance in spring 
result in earlier snow loss, consistent with earlier peak river 
discharge (Derksen and Mudryk, 2023). 

Observed changes in Arctic snow vary by analysis variable, 
region, and season. For example, indicators in Chapter 2 
show strong reductions in historical spring snow-cover extent 
while seasonal maximum Arctic snow mass shows weak or no 
significant trends over recent years. Arctic snow-cover extent 
also shows strong reductions during autumn in most datasets 
(Brown and Derksen, 2013; Peng et al., 2013; Hori et al., 2017; 
Mudryk et al., 2020), consistent with observed increases in 
Arctic air temperatures at this time of year. In contrast to the 
shoulder seasons, reductions in Arctic snow-cover extent 
are near-zero from December through March (Derksen and 
Mudryk, 2023) because the Arctic remains 100% snow-covered 
during these months. 

Generally, these observed seasonal and regional differences 
between the two variables, snow cover and SWE, are 
consistent with corresponding influences from their respective 
drivers. Changes in snow-cover extent are primarily driven 
by temperature (Brutel-Vuilmet et al., 2013; Mudryk et al., 
2017), with some additional variability related to large-scale 
teleconnections (Pederson et al., 2013; Henderson et al., 2018). 
SWE responds not only to temperature but also to precipitation 
(Sospedra-Alfonso and Merryfield, 2017), although the 
response simulated by climate models to the latter may be 
weak (Zhong et al., 2022). Drivers of observed changes in snow 
condition are further discussed in Chapter 6. The most recent 
three generations of climate models (Phases 3, 5, and 6 of the 
Coupled Model Intercomparison Project, CMIP3, CMIP5, 
CMIP6) have consistently projected increased precipitation 
across the Arctic (IPCC, 2007, 2013, 2021); however, this 
increased precipitation does not occur exclusively as increased 
snowfall due to concomitant changes in the partitioning of 
precipitation towards increased rainfall (Landrum and Holland, 
2020; McCrystall et al., 2021). The combination of increasing 
precipitation, altered partitioning of rainfall and snowfall, and 
increasing near-surface air temperature is projected to lead 
to a geographically and seasonally varied response in SWE. 
Results from CMIP5 simulations demonstrated that seasonal 
maximum SWE decreases in most Arctic regions except for 
those with the coldest, most continental climates such as eastern 
Siberia and the Canadian Arctic Archipelago (AMAP, 2017). 

Successive generations of climate model ensembles have 
improved in their ability to represent historical snow-cover 
extent (i.e., the skill of the multi-model ensemble mean has 
increased from CMIP3 through CMIP6); however, there 
remains a persistent amount of spread in skill among the 
individual models (Mudryk et al., 2020 and references therein). 
This spread in historical snow-cover extent continues to cause 

spread in assessments of simulated snow-albedo feedback 
(Thackeray et al., 2021). Assessment of climatological snow 
mass from CMIP6 climate models indicates that they are biased 
high on average (Mudryk et al., 2020), which is likely to be 
due to excessive snowfall (Kouki et al., 2022). However, the 
ability of climate models to reproduce the historical snow-
mass climatology is less observationally constrained because 
estimates of historical snow mass from gridded products have 
relatively high uncertainty compared to snow-cover extent. 
This stems from the fact that snow observations are sampled 
at limited spatial and temporal frequency compared to their 
variability, although recent work has both narrowed the spread 
(Pulliainen et al., 2020) and better assessed the accuracy of 
gridded snow-mass products (Mortimer et al., 2020) across 
northern hemisphere non-alpine regions. The ability of climate 
models to simulate historical trends in snow-cover extent has 
also improved between CMIP3 and CMIP6. While not specific 
to the Arctic, integrated measures of observed snow change 
(northern hemisphere snow-cover extent and snow-mass 
trends) fall within the range of trends simulated by both the 
CMIP6 and previous CMIP5 generation of climate models 
(Mudryk et al., 2020). 

To connect historical changes to projected changes in terrestrial 
snow, the simulated sensitivity of snow-cover extent and 
snow mass to increased global mean temperatures is further 
examined. Evaluating the sensitivity (changes in extent and 
mass per 1°C of warming) rather than the trends themselves 
helps account for differences in historical and simulated climate 
trajectories (which differ due to natural variability). Figure 5.6 
compares the evolution of simulated Arctic spring snow-cover 
extent from 14 CMIP6 models relative to projected increases in 
global mean near-surface air temperatures (GSAT). Projected 
changes from the models scale near-linearly with GSAT and 
show minimal scenario dependence (the slopes are similar 
for different warming scenarios), consistent with results from 

Figure 5.6 Simulated spring (April through June) snow-cover extent based 
on 14 CMIP6 models across four warming scenarios. Dashed lines illustrate 
linear decreases of -0.4, -0.55, and -0.8 million km2/°C. Source: Data Ref. 5.3. 

Observations
SSP1-2.6
SSP2-4.5
SSP3-7.0

SSP5-8.5

Spring snow-cover extent, million km2

Projected global mean near-surface air temperature, °C

10

8

6

4

2

0
11 13 15 17 19 21

39Chapter 5 · Cryosphere



Mudryk et al. (2020). They do show strong model dependence, 
with differing slopes apparent for different model sub-groups. 
This is clearer in Figure 5.7, which illustrates the range in 
simulated snow-cover extent and snow mass sensitivities (the 
model- and scenario-specific slopes in snow-cover extent are 
from Figure 5.6) for several regions. 

For the Northern Hemisphere as a whole, simulated snow-
cover extent sensitivities have limited seasonal dependence. 
Regionally, the models simulate a stronger response in the 
midlatitudes relative to the Arctic and alpine regions. The 
response in the Arctic is the strongest in the shoulder seasons 
(OND and AMJ) because there is minimal snow-cover change 
projected during the winter (JFM), consistent with the historical 
trends as discussed above. Snow-mass sensitivities have more 
seasonal dependence (increasing magnitude of northern 
hemisphere snow-mass sensitivity from autumn through 

spring) and a strong spatial dependence apparent in the model 
median sensitivity (Figure 5.8). 

The analysis presented here shows minimal dependence of 
snow-cover extent and snow-mass changes to the choice of 
CMIP6 scenario, only the amount of warming in a given 
scenario. This result is consistent with a previous snow-cover 
extent analysis by Mudryk et al. (2020) but is now extended to 
snow mass. The result indicates that it is not necessary to analyze 
different CMIP6 scenarios to obtain scenario-specific changes, 
rather that data can be pooled from the full range of models and 
scenarios for analysis. Additionally, the linear response of Arctic 
snow-cover extent (Figure 5.6) to global mean near-surface air 
temperature indicates that any reduction in the magnitude of 
global warming will also diminish subsequent snow-related 
responses. Across most of the Northern Hemisphere, this 
response consists of reduced snow cover and snow mass with 

Figure 5.7 Seasonal sensitivities for snow-cover extent and snow mass based on 14 CMIP6 models across four emissions scenarios (SSP1-2.6, SSP2-4.5, 
SSP3-7.0, and SSP5-8.5). Model spread in simulated sensitivities is shown with boxes (interquartile range) and whiskers (full extent) for the entire 
Northern Hemisphere and for three non-overlapping sub-regions: midlatitudes (0–60°N), Arctic (60–90°N), and alpine. SSP spread is shown for the 
Northern Hemisphere only. Source: Data Ref. 5.3 for observational data.
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greater warming. However, in eastern Siberia and the High 
Canadian Arctic the models project an increase in mid-to-late 
winter snow mass due to increased precipitation and surface 
temperatures which remain sufficiently cold. 

The increased snow accumulation projected in some Arctic 
regions could result in complex ecosystem interactions 
(Meredith et al., 2019). Increased snow depth more effectively 
insulates and thus warms the underlying soil during winter, 
and results in a thicker active layer and exacerbated permafrost 
thaw. It can also locally increase spring soil-moisture conditions, 
which together with higher summer temperatures and longer 
growing seasons can alter the vegetation composition and 
phenology (Mekonnen et al., 2021). Together, these changes 
in vegetation composition, phenology, soil moisture, and 
temperature can alter the ecosystem carbon balance by 
affecting ecosystem net primary productivity and seasonally 
varying soil respiration (Natali et al., 2019). In more southern 
regions of the Arctic, decreased snow accumulation and earlier 
snowmelt can lead to drier soils and decreased water availability, 
with projected impacts on community water supplies and 
agricultural production and fire risk (Wieder et al., 2022). 

Changing snow conditions (accumulation and seasonality) will 
impact wildlife and wildlife habitat in diverse and sometimes 
difficult to predict ways (Myers-Smith et al., 2011; Schmidt 
et al., 2012; Gagnon et al., 2020). Societally, changes in snow 
conditions disrupt traditional activities of northern and 
Indigenous Peoples, affecting overland travel, hunting, trapping, 
and harvesting. These changes can impact the mental health, 
food security, and even the entire livelihood of these groups 
(Meredith et al., 2019 and references therein). Winter recreation 
industries such as skiing and snowmobiling could also suffer 
from reduced snow accumulation and warmer temperatures.

5.4 Land ice

Changes in glacier ice mass arise from changes in mass inputs, 
mainly from snowfall, and changes in mass losses (ablation), 
predominantly in the form of meltwater runoff and solid ice 
discharge owing to iceberg calving. Other processes affecting 
mass accumulation are refreezing and wind-driven deposition; 
processes affecting mass loss are basal melting (Cuffey and 
Paterson, 2006; Karlsson et al., 2021) and underwater melting 
where glaciers are in contact with seawater (Rignot et al., 2010). 

The annual mass balance for Arctic glaciers and ice caps since 
1971 is derived from a scaling of the interannual variability of 
ground survey data from the World Glacier Monitoring Service 
(WGMS) (Data Ref. 5.4) satellite gravimetry after 2002 (Box 
et al., 2018). This 53-year record (1971–2023) also includes 
Greenland data from Mankoff et al. (2021). The rates of Arctic 
glacier ice loss have increased for all regions in each successive 
decade since the 1970s, indicating an acceleration of the ice loss 
contribution to sea-level rise (Figure 5.9).

Greenland provides the greatest contribution to sea-level 
rise from land ice, followed by Alaska and Arctic Canada 
(see Chapter 2, Figure 2.1g). For the period 2000–2019, 
approximately 15% of the ice loss from Greenland was from 
glaciers and ice caps peripheral to the ice sheet, from data after 

Hugonnet et al. (2021) and Hanna et al. (2024). In 2012 and 
2019 there was a record mass loss from the Greenland Ice Sheet 
that caused the annual eustatic sea level to rise each year by 
1.5 mm (Tedesco et al., 2013; Sasgen et al., 2020). It should be 
noted that Alaskan glaciers are concentrated south of 62°N. The 
rates of land-ice loss from Alaska and Arctic Canada accelerated 
after 2005, driven by surface melting (Sharp et al., 2011; O’Neel 
et al., 2019). Studies have also documented accelerated glacier 
mass loss across the Russian Arctic (Zheng et al., 2018; Tepes et 
al., 2021; Sommer et al., 2022) and across Svalbard (Morris et 
al., 2020; Noël et al., 2020; Schuler et al., 2020). Greenland ice, 
including the ice sheet and peripheral glaciers, exhibits a mass 
budget disequilibrium indicated by its average end of summer 
snowline position in the 2000–2019 period that commits at 
least 3.3% ice loss, equivalent to 274±68 mm global sea-level 
rise (Box et al., 2022).

Variations in the sea-level contribution of Arctic land ice 
are caused by year-to-year fluctuations in persistent weather 
patterns associated with the northern polar vortex (Sasgen 
et al., 2022). Such persistent atmospheric circulation extremes 
lead to high and low extremes in surface melting and the rate 
of mass loss from Greenland (Box et al., 2012; Hanna et al., 
2015; McLeod and Mote, 2016; Bevis et al., 2019; Tedesco and 
Fettweis, 2020). Regression of annual Greenland mass balance 
with the June-August average North Atlantic Oscillation (NAO) 
index (Data Ref. 5.5) yields a correlation coefficient of 0.7, 
confirming the NAO association. However, the accelerated 
ice loss exceeds any trends in the NAO index. In addition to 
persistent extremes, recent analysis suggests that the amplified 
Arctic warming and increasing moist atmospheric rivers 
reaching Greenland (Mattingly et al., 2016) are additional 
drivers of increasing ice sheet melt.

The IPCC AR6 (IPCC, 2021) concluded that global mean sea-
level rise since the late 1960s is mostly caused by increased loss 
of ice sheet mass, with the melting of the Greenland Ice Sheet 
(including peripheral glaciers) contributing approximately 
1.7 times that of Antarctica for 2006–2018 (Fox-Kemper et al., 
2021). Over this period, the global land-ice contribution was 

Figure 5.9 Contributions from losses of Arctic and Antarctic land ice to 
sea-level rise. Arctic data outside of Greenland are after Box et al. (2018) 
updated using the World Glacier Monitoring Service (WGMS) (Data Ref. 
5.4). Greenland data are from Mankoff et al. (2021).
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51% of the total sea-level rise, while ocean thermal expansion 
accounted for 34% and land water extraction was 15%. From 
1992 to the end of 2020, Greenland contributed 1.8 times that 
of Antarctica to global sea level, with the greater proportional 
contribution (1.9 times that from Antarctica) occurring 
between 2005 and 2020. From these data, there is still no sign 
of Antarctica taking over from Greenland despite Antarctica 
being roughly ten times larger in volume (Otosaka et al., 2023).

5.5 Sea ice

5.5.1 Observed trends: sea-ice extent

Sea-ice extent is defined as the total surface area covered by sea 
ice above a threshold concentration (typically 15%, as is used 
here). While both sea-ice area and sea-ice extent are used to 
describe the spatial coverage of sea ice, sea-ice extent has been 
used more broadly in both public reporting and climate model 
assessments. Sea-ice concentration has been consistently derived 
by spaceborne passive microwave instruments since late 1978, 
making it one of the longest satellite-derived climate records. 
Passive microwave instruments are particularly valuable because 
they provide near-complete daily coverage of the Arctic region 
(outside of a ‘pole hole’ region around the North Pole) in nearly 
all sky (including night-time and most cloud) conditions. 

Several algorithms have been developed to derive sea-ice 
concentration, and then sea-ice extent, from the input passive 

microwave brightness temperature data. The present assessment 
uses the NASA Team algorithm (Cavalieri et al., 1984) developed 
at NASA Goddard. A consistent time-series of NASA Team 
concentrations, with adjustments for changing satellite sensors 
(Cavalieri et al., 1999), is archived at the NASA Snow and Ice 
Distributed Active Archive Center (DAAC) at the National 
Snow and Ice Data Center (NSIDC) (Data Refs. 5.6 and 5.7). 
Different algorithm products have been evaluated in numerous 
studies (e.g., Ivanova et al., 2015; Kern et al., 2020), which indicate 
differing performance, particularly during melt season and in the 
marginal ice zone, the part of the Arctic where sea-ice cover is 
closest to open water. However, while absolute values for extent 
and concentration can be quite different, for large-scale analysis of 
long-term trends and variability the different products show good 
agreement (e.g., Comiso et al., 2017; Meier and Stewart, 2019). 

Sea-ice extent has been calculated from the concentration fields 
as part of the NSIDC Sea Ice Index (Data Ref. 5.8). Arctic (total 
northern hemisphere) sea-ice extent time-series show strong, 
statistically significant (with more than 95% confidence level) 
downward trends over the 1979–2024 record during all months 
of the year. However, within the overall downward trend, there 
is substantial seasonal variability, from year to year, and over 
multiple years. Two months of particular interest are September 
(month of the annual minimum extent) and March (month of 
the annual maximum extent). 

In September, there was a moderate downward trend from 1979 
through 1992 (Figure 5.10a). The 1993–2006 period shows a 

Figure 5.10 Arctic sea-ice extent time series and linear trend 1979–2024 for (a) September (seasonal minimum) and (b) March (seasonal maximum) 
(Data Ref 5.8). Dashed lines indicate linear trends for the indicated period and colored solid lines indicate the average for each sub-period.
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Figure 5.11 Arctic sea-ice concentration trends, 1979–2024 for March, June, September, and December. Trends shown are in % per decade and are 
statistically significant (p<0.05). The light gray circle around the pole indicates the region not covered by all satellites over the timeseries; trends are not 
calculated in that area. Images are adapted from the NSIDC Sea Ice Index (Data Ref. 5.8). 
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substantial decrease, followed by a sharp step change between 
2006 and 2007 that resulted in a record low up to that time. 
Since 2007, extents have been at a much lower level than the 
previous 13-year period, with another record low in 2012. The 
18 years from 2007 to 2024 comprise the lowest sea-ice extent 
in the 46-year satellite record. However, over this period, the 
trend has been flat. The ice remaining stays in the region north 
of Greenland and the Canadian Arctic Archipelago where it 
is continuously replenished via the Transpolar Drift Stream; 
that circulation also dynamically thickens the ice through 
convergence and ridging. In March, the downward trend is 
of lower magnitude, but is statistically significant (p<0.05) 
(Figure 5.10b). The linear trend of March sea-ice extent remains 
relatively consistent between the early and recent periods of 
the record, in contrast to September, which shows a fourfold 
change between these periods. The middle period (1993–2006) 
also exhibits statistically significant downward trends, nearly 
twice as steep as those of the early and recent intervals. 

Sea-ice loss occurs in all Arctic regions and in all seasons 
(Figure 5.11). In nearly all locations where there is monthly 
variability, there are statistically significant (p<0.05) decreases 
in concentration. The only notable exception is in the Bering 
Sea in March. The summer (June, September) trends are 
stronger than those for winter and more widespread, covering 
a substantial part of the pack ice. Winter (December, March) 
trends are strong mostly near the ice edge. 

Trends in regional sea-ice extent are calculated across the 
timeseries for March and September, based on regions as 
defined by Data Ref. 5.9. The extent also shows a negative 
trend over the record for all regions that have variability during 
the month (Figure 5.12). Of the regions that show variability 
during both months, all show a statistically significant (p<0.05) 
negative trend except for the Bering Sea during March. Some 
regions have no variability – they are either 100% ice-covered 
or 100% ice-free – in either March or September and thus have 
zero trend. Other months (not shown) have similar negative 
trends when there is variability in a given region. 

5.5.2 Observed trends: sea-ice thickness

Accompanying the rapid declines in sea-ice cover, sea-ice 
thickness in the Arctic has also declined in recent decades. 
Sea-ice thickness is integral to its quality, directly influencing 
its strength, ecological role, climate importance, and usability 
for human activities. The thickness of Arctic sea ice continues 
to remain at levels well below those of earlier decades (1970s 
to 1990s), albeit with substantial regional and interannual 
variability (Meredith et al., 2019; Perovich et al., 2020). The 
ice has thinned concurrently with a shift to younger ice: since 
1979, the areal proportion of thick ice at least 5 years old 
has declined by approximately 90% (Meredith et al., 2019). 
CryoSat-2, launched on 8 April 2010 by the European Space 
Agency, is dedicated to measuring polar sea-ice thickness and 
monitoring changes in ice sheets by means of radar altimetry. 
It can detect changes as small as 1.6 cm/y in sea-ice thickness. 
Another of ESA’s missions, the Soil Moisture and Ocean Salinity 
(SMOS) satellite, was launched on 2 November 2009 and uses a 
radiometer to measure surface brightness temperatures, among 
others determining thin ice floating in the polar seas. Taking 
advantage of their complementary features, Ricker et al. (2017) 
were able to merge the CryoSat-2 and SMOS satellite data 
products to produce a weekly Arctic sea-ice thickness data 
record. Based on the merged CryoSat-2 and SMOS satellite 
ice-thickness data, it is clear that although sea-ice extent has 
shown a negative trend (Figure 5.12) in all regions, sea-ice 
thickness averaged over each region shows both negative and 
positive trends (Figure 5.13) for the period 2011–2022 when 
satellite-derived ice thickness data are available. One reason 
for such large variability is that the available data period is 
relatively short (12 years). This is consistent with the sea-ice 
extent trend shown in the previous section: when the entire 
satellite record was divided into three periods, linear trends 
are different for each period. For a time span further back in 
time, the thinning of Arctic sea ice since the 1980s has been 
reported by AMAP (2021a) and Gulev et al. (2021). More details 
on this thinning became clear from new research in which 

Figure 5.12 Regional sea-ice extent trend statistics for March and September for 1979 through 2022. Regions are denoted by the colors in the inset image, as 
defined by Data Ref 5.9. The whisker lines indicate the p<0.05 statistical significance level of each trend. If no bar is visible, it indicates zero trend for the month.
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data from upward-looking sonars installed since 1990 in Fram 
Strait, the main export gate for sea ice drifting out of the central 
Arctic Ocean, were analyzed (Sumata et al., 2023). This work 
revealed a regime shift for Arctic sea ice in 2007 from thicker 
and deformed ice to thinner and more uniform ice (change of 
modal thickness from 2.7 to 1.7 m), attributed to a two-step 
change of on-average shorter residence time of sea ice from 
4.3 to 2.7 years in the central Arctic Ocean in 2005 and 2007. 
However, as indicated above, over shorter periods and on more 
regional scales, an increase in sea-ice thickness is also possible, 
as shown in a study by Hansen et al. (2023), analyzing upward-
looking sonar data from 2014–2020 for the western Barents Sea. 
Sea-ice thickness data from the relatively new NASA ICESat-2 
laser altimeter satellite (launched 15 September 2018) show 
promising results, and a reduction in Arctic sea-ice thickness, 
when comparing data from 2019 with thicknesses derived from 
observations with the first NASA ICESat satellite from 2008 
(Petty et al., 2020). 

As discussed in the previous section, sea-ice extent has shown 
strong, statistically significant declining trends at both the 
pan-Arctic and regional scale for 1979–2022, but with large 
multi-year variability. In contrast, the linear trend for sea-
ice thickness computed for 2011–2022 shows considerable 
regional variability, which is partly due to the limited period 
of observational data (see Figures 5.12 and 5.13). Using climate 
models, it was possible to examine the trend in sea-ice thickness 

over a longer period. A regional breakdown of the linear trend 
in sea-ice thickness is shown in Figure 5.14, which covers 
both the historical period 1981–2014 and 2015–2022 under 
the SSP1-2.6 scenario. The SSP1-2.6 scenario was chosen to 
show the change for the most optimistic scenario. However, 
the choice of scenario makes little difference before 2025. 
Simulation results from CMIP6, the most recent generation 
of climate models, show a consistent negative linear trend for 
each region in each of the four seasons: winter (March), spring 
(June), summer (September), and autumn (December) for the 
period 1981–2022. The largest reductions in ice thickness occur 
in the Pacific sector of the Arctic Ocean: including the Beaufort 
Sea, Chukchi Sea, East Siberian Sea, and the Canadian Arctic 
Archipelago, as well as the central Arctic Ocean (Figure 5.14). 
There are some seasonal variations in the declining trend. For 
example: the Chukchi Sea shows the largest declining trend in 
winter and the smallest trend in summer; in the East Siberian 
Sea, the largest declining trend was observed in autumn. 

5.5.3 Sea-ice projections

The CMIP6 models project negative linear trends in sea-ice 
thickness for the coming four decades, for all seasons and all 
regions under SSP1-2.6, one of the low emissions scenarios 
used in the IPCC AR6 assessment (Figure 5.15). The magnitude 
of the declining trend is projected to be about half that of the 

Figure 5.13 Regional trends in sea-ice thickness for March and December. 
The trends are calculated based on the merged CryoSat-2 and SMOS 
satellite sea-ice thickness data (Ricker et al., 2017) from Data Ref. 5.10.
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past 40 years, ranging from 20% to 70% depending on region 
and season. The three largest declining trends in ice thickness 
are projected to occur in the Beaufort Sea, the Canadian 
Arctic Archipelago, and the central Arctic for all four seasons 
(Figure 5.15). Under the very high emissions scenario, SSP5-8.5 
(not shown), the projected negative trend in sea-ice thickness 
is about twice that projected under the SSP1-2.6 scenario.

Another important scientific question is whether the Arctic 
could become ice-free in summer, which is defined as a sea-ice 
extent of less than 1 million km2 (Wang and Overland, 2009). 

Based on a subgroup of CMIP3 and CMIP5 models, Wang 
and Overland (2009, 2012) projected that a sea ice-free Arctic 
in summer could be reached by 2035. Recent review studies 
found a distinct improvement in CMIP6 sea-ice simulations 
compared to previous generations of CMIPs (AMAP, 2021a; 
Jahn et al., 2024). According to the CMIP6 models, the Arctic 
is projected to be ice-free in summer under the high emissions 
scenario SSP5-8.5 as early as 2040 (AMAP, 2021a), and between 
2060 and 2100 under the SSP2-4.5 and SSP3-7.0 scenarios. 
An ensemble mean of CMIP6 models under SSP1-2.6 (a low 
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Figure 5.14 Regional trends in sea-ice thickness from four representative 
months: March (winter), June (spring), September (summer), and 
December (autumn). Data are based on the ensemble mean of CMIP6 
model simulations, a combination of the historical period 1981–2014 and 
2015–2022 under the SSP1-2.6 scenario.
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emissions scenario) projected no ice-free summers in the Arctic 
(AMAP, 2021a). This finding is consistent with the outcome of 
IPCC AR6, which concluded that under the very low (SSP1-1.9) 
and low (SSP1-2.6) emissions scenarios, a sea ice-free Arctic 
Ocean during summer could be avoided (IPCC, 2021). 

Recent studies have attempted to improve sea-ice projections 
using observational constraints (Bonan et al., 2021; Kim et al., 
2023). Bonan et al. (2021) constructed a simple model that 
projects future sea-ice area (SIA) based on present SIA and the 

sensitivity of SIA to changes in Arctic temperature. Sea-ice area 
is the total area covered by sea ice, accounting for the fraction 
of each grid box that is actually covered by ice. The correlation 
of SIA and sea-ice extent (SIE) is generally high, and they are 
closely aligned. Bonan et al. (2021) found that the constrained 
projections based on observations show a 10–35 year earlier 
ice-free Arctic than the unconstrained projections. Kim et 
al. (2023) used a formal attribution approach to show that 
the largest driver of recent Arctic sea-ice trends, forcing due 
to the increase in greenhouse gases in the atmosphere, is 

Figure 5.15 Regional trends in projected sea-ice thickness for the period 
2021–2060 under the SSP1-2.6 scenario for four representative months: 
March (winter), June (spring), September (summer), and December 
(autumn). Data are based on the ensemble mean of CMIP6 models.

Sea of Okhotsk

Bering Sea

Canadian Arctic Archipelago

Hudson Bay

Gulf of St. Lawrence

Ba�n Bay and Labrador Sea

East Greenland Sea

Barents Sea

Kara Sea

Laptev Sea

East Siberian Sea

Chukchi Sea

Beaufort Sea

Central Arctic Ocean

d. December
(autumn)

-20 -16 -12 -8 -4 40

-20 -16 -12 -8 -4 40

c. September
(summer)

-20 -16 -12 -8 -4 40

-20 -16 -12 -8 -4 40

b. June
(spring)

a. March
(winter)

Regional trends in projected sea-ice thickness during 2021–2060, cm/decade Regional trends in projected sea-ice thickness during 2021–2060, cm/decade

47Chapter 5 · Cryosphere



detectable in all months of the year, and that this impact is 
underestimated by models. A correction based on scaling the 
impact of greenhouse gases resulted in a projected ice-free 
Arctic by 2050 not only in the moderate and high emissions 
scenarios, but also in the low emissions scenarios. This 
result is consistent with a previous study (Notz and SIMIP 
Community, 2020). These results are also consistent with the 
observation that, on average, climate models underestimate 
the observed sea-ice loss, although interpretation of the 
results is complicated by the fact that observed sea-ice loss 
is the result of climate forcing and internal variability, and 
the amplitude of internal variability is unknown. Overall, 
these studies suggest that future sea ice may decline faster 
than unconstrained CMIP6 model simulations project. A 
review by Jahn et al. (2024) based on CMIP5 and CMIP6 
model simulations also suggested that an ice-free Arctic in 
summer could be reached as early as 2040, consistent with the 
findings of Wang and Overland (2009, 2012) using CMIP3 and 
CMIP5 simulation results. The timing of an ice-free Arctic 
summer is influenced by the magnitude of global warming. 
Jahn et al. (2024) also found that the probability of at least 
one ice-free September occurring before 2050 is extremely 
unlikely if global warming remains below 1.5°C, consistent 
with the previous findings that the probability of an ice-free 
Arctic summer is an order of magnitude smaller under a 
1.5°C global warming scenario compared with a 2.0°C global 
warming scenario (AMAP, 2021a).

Two other recent studies report substantial increases in open-
water season lengths based on CMIP6 model results. Crawford 
et al. (2021) and Jahn et al. (2024) both found that, averaged 
over the Arctic Ocean as a whole, the open-water period could 
increase by more than two months under 2°C global warming 
(compared to the 1850–1900 average), and that most of the 
Arctic Ocean could be ice-free for three months under 3.5°C 
and for six months under 5°C of global warming.

5.5.4 Impacts of sea-ice change

Changes in seasonal sea-ice extent and thickness are altering 
marine primary production, with impacts on ecosystems, and 
shipping routes through the Arctic. Thicker sea ice is stronger 
and more resistant to external forces like wind, waves, and 
ocean currents. This stability is essential for supporting 
structures such as polar research stations and for providing 
habitat for marine species like polar bears and seals, as well 
as a stable platform for Indigenous people hunting. Thinning 
of sea ice also influences heat and moisture exchange between 
the ocean and atmosphere, which amplifies changes in polar 
environments, weather patterns, and ecosystems. Shorter 
transit times allow more access for shipping, which to some 
extent already has increased (e.g., Stocker et al., 2020) 
and will further increase Arctic ship-based transportation 
and tourism. This will have socioeconomic and political 
implications for global trade, northern nations, and 
economies linked to traditional shipping corridors as sea 
ice declines or diminishes. Mudryk et al. (2021) focused on 
the Canadian Arctic and quantified the impact of declining 
sea ice on navigability, based on the operational Polar Code 
regulations. They found the largest shift in ship-accessible 
season length to be in the Beaufort Sea region, and 100% 

navigability probability for part of the year above 2°C for 
the Northwest Passage and Arctic Bridge trade routes. These 
results highlight the dramatic impact of future climate 
change on global trade routes, even under low to moderate 
emissions scenarios.

Sea ice provides crucial habitat for many Arctic species, 
including polar bears, walruses, seals, and various types of 
marine life. A reduction in sea ice and its snow cover can disrupt 
these ecosystems by altering habitat availability, food-web 
dynamics, and predator-prey relationships (e.g., Steiner et al., 
2021; Kovacs et al., 2024). Sea ice influences atmosphere-ocean 
heat exchange, as well as atmospheric circulation patterns, 
which in turn affect weather patterns both locally and globally. 
Disruption of the atmospheric circulation patterns can lead to 
changes in precipitation, temperature, and extreme weather 
events. Other effects associated with reduced sea ice include an 
increase in coastal erosion and increased storm surges (Nielsen 
et al., 2022). 

5.6 Snow on sea ice

Snow on sea ice plays a critical role in the evolution of the sea 
ice, through its effect on surface albedo, its insulating effect, 
and its role in melt pond formation (AMAP, 2021a). Snow on 
sea ice is also relevant for the lower atmosphere over sea ice and 
for the marine ecosystem, and snow thickness information is 
important for calibration of satellite remote sensing products 
(Stroeve et al., 2020; AMAP, 2021a), and calculation of climate 
reanalysis datasets (e.g., Herrmannsdörfer et al., 2023). 

New findings since AMAP’s previous climate change assessment 
(AMAP, 2021a) are being generated through various means:

1. Ongoing research that includes awareness of the role of 
snow on Arctic sea ice, such as for melt pond formation 
(see recent work by Anhaus et al., 2021; Webster et al., 2022; 
Thielke et al., 2023).

2. Recent field activities, especially MOSAiC (Multidiscipli-
nary drifting Observatory for the Study of Arctic Climate), 
an international research expedition to study the physical, 
chemical, and biological processes that couple the Arctic 
atmosphere, sea ice, ocean, and ecosystems. This one-year 
campaign in drifting sea ice followed the Transpolar Drift 
route and enabled the collection of rare winter data for the 
central Arctic Ocean (Nicolaus et al., 2022; Wagner et al., 
2022; Itkin et al., 2023).

3. Analysis of older sea ice data, including those collected 
from Russian drifting stations (Mallett et al., 2022) and 
during the International Polar Year 2007–2008, the latter 
including snow depth and sea-ice thickness observed at the 
drifting ice station Tara (Cheng et al., 2021). 

Methods to quantify the snow cover, or where snow is needed 
as input data, have been further developed and improved (e.g., 
Song et al., 2020; Jutila et al., 2021; Mallett et al., 2021), as have 
models (e.g., Rösel et al., 2021; Webster et al., 2021) and sensors 
(e.g., Cabaj et al., 2020).

Snow thickness on sea ice was observed during MOSAiC to be 
relatively low compared to historical data (Itkin et al., 2023), 
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with cumulative snowfall of 98–114 mm, and a precipitation 
mass loss of snow cover due to erosion and sublimation of 
between 47% and 58%, for the period 31 October 2019 to 
26 April 2020. Snow-thickness distributions from the MOSAiC 
expedition from transect loops at its central observatory show 
modal snow thicknesses clearly below 10 cm for some dates in 
both January and July 2020 (Nicolaus et al., 2022). The presence 
of only little snow on Arctic sea ice is generally in line with the 
negative trends seen for the Arctic as a whole (except for the 
Atlantic sector north of Svalbard), as previously discussed and 
summarized by AMAP (2021a).

Understanding the effect of snow on sea ice is continuously 
improving. Using data from north of Svalbard combined with 
a 1-D snow and ice thermodynamic model, Merkouriadi 
et al. (2020) showed that warm events with winter storms 
result in additional amounts of snow on the sea ice, reducing 
thermodynamic sea-ice growth rates to negligible levels. 
New research on melt pond formation has shown that the 
preconditioning in winter is very important for how melt ponds 
form in summer and that both snow and sea-ice thickness are 
relevant (Thielke et al., 2023). Flooding of the ice surface of snow-
covered sea ice and connected wicking (water in between snow 
grains being pushed upwards by capillary forces) and saturation 
of basal snow layers can affect the physical properties of the 
snow, and can bias measurements of snow thickness by snow 
radars (e.g., Jutila et al., 2021), leading to underestimation of 
snow thickness (Rösel et al., 2021). Rain-on-snow events affect 
snow cover and ultimately surface albedo, and new research 
indicates that the timing of such events has shifted in recent 
decades to occur earlier in the season, by up to 4–6 days per 
decade in some Arctic regions (Dou et al., 2021). The changing 
average age of sea ice since the 1980s (Meier et al., 2022) is due to 
less snow contributing to the sea-ice mass, since older ice used to 
accumulate more meltwater into its mass each melt season (Lange 
et al., 2021); the same research team also found that flooding 
events on first-year sea ice may be more prevalent throughout 
the Arctic Ocean than previously assumed.
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Elizabeth Webb

6.1 Introduction

Climate warming has triggered rapid and substantial changes 
in the Arctic freshwater system by transforming frozen water 
into its liquid form. Melting glaciers, increased precipitation, 
changes in snow cover, thawing permafrost (see Chapter 5 for 
changes in the cryosphere), and changes in river and lake ice 
are altering the entire water cycle, including river regimes, 
groundwater recharge, and patterns of lakes and wetlands in 
Arctic landscapes. Changes in the freshwater system are in 
turn having a wide range of impacts on climate, ecosystems, 
landscapes, Indigenous Peoples, and other Arctic inhabitants.

The geographical domain of the terrestrial freshwater 
system is the pan-Arctic drainage basin (PADB) as defined 
by Shiklomanov et al. (2000, 2021) and used in the Arctic 

Freshwater Synthesis (Prowse, 2015a; see also Figure 6.1). This 
definition differs from the AMAP definition of the Arctic, 
and encompasses all land areas contributing runoff to the 
Arctic Ocean, including both rivers that extend equatorward 
of 45°N in some cases, and glaciers and ice sheets that supply 
freshwater directly to the marine system. Thus, the PADB 
comprises diverse hydrophysiographic regions, as defined 
by Bring et al. (2016), including Arctic tundra, boreal plains, 
grasslands, wetlands, mountains, shield regions, and glaciers/
ice caps (Figure 6.2). These widely differing environments all 
exhibit local variations in hydrology and hydrological processes 
that together contribute to the Arctic freshwater circulation.

The Arctic freshwater system (including its sources, fluxes, 
storage, and effects) has been a revisited topic in initiatives and 
assessments over recent decades. For example, the Freshwater 
Budget of the Arctic Ocean (FWBAO; Lewis et al., 2000); 

Key findings
•	 Precipitation has increased over recent decades, especially in 

cold seasons, and is associated with an increase in rainfall 
in all seasons and a decrease in snowfall in summer, with 
spatially varying trends in winter. This century, precipitation 
events presently regarded as extremes are expected to become 
routine. Snow mass has decreased across northern North 
America, but in Eurasia the trend has been negligible and 
snow depth has increased in parts of Eurasia.

•	 Permafrost thaw is likely to drive changes in the water 
balance in Arctic areas, but the relevant subsurface processes 
are difficult to observe directly at the catchment scale. 
However, observed changes in streamflow dynamics and 
water chemistry indicate that permafrost thaw is influencing 
hydrological connectivity by creating deeper and longer 
waterflow pathways through catchments across the Arctic.

•	 Increasing trends in annual river discharge to the Arctic Ocean 
from both continents have continued, providing compelling 
evidence of intensification of the Arctic water cycle. A 
significant increase in base streamflow during the cold season 
is observed across most regions of the pan-Arctic drainage 
basin. The magnitude of maximum river discharge has not 
changed significantly; however, the timing of snowmelt freshet 
has become earlier almost everywhere across the pan-Arctic.

•	 Lake area is declining across the discontinuous permafrost 
zone. In the continuous permafrost zone, however, the number 
of sites with decreasing lake area is similar to the number 
with increasing lake area. Stronger lake area declines in the 
discontinuous permafrost zone is consistent with permafrost 
thaw being further advanced there than in the continuous 
permafrost zone.

•	 Ice-cover duration on rivers has declined significantly in cold 
regions over the past several decades due to later freeze-up 
and earlier breakup. The observed decline in river ice is likely 
to continue in the future due to the projected increase in air 
temperature. Maximum river-ice thickness has decreased 
significantly on most pan-Arctic rivers over the last 50 to 
60 years, with the greatest decrease observed before 2000.

•	 Lakes are rapidly losing ice across the Northern Hemisphere, 
with later ice-on dates, earlier ice-off dates, and in some years, 
some lakes not freezing at all.

•	 Freshwater delivery from Arctic land ice is roughly equivalent 
to that from North American rivers. Eurasian river discharge 
is roughly three times higher. However, the increase in Arctic 
river discharge was 1.6 times smaller than the increase in 
freshwater flux from Arctic land ice. Most of the increased 
land-ice freshwater discharge originated from Greenland and 
Arctic Canada. A further increase in freshwater flux from 
land ice reduction is likely to continue with the projected 
future increase in Arctic warming.

•	 Changes in the terrestrial hydrological system have important 
impacts on ecosystems and Arctic livelihoods. Declining snow 
cover, permafrost, lake area, and lake ice have implications for 
ecosystems, as well as for hunting, fishing, reindeer herding, 
transportation, and drinking water availability. Impacts 
also include feedbacks to the climate and ocean circulation 
through increased freshwater fluxes to the Arctic Ocean and 
changes in lake area and ice cover.

Mård, J., J.E. Box, J., Culpepper, S. Sharma, A. Shiklomanov, Y. Sjöberg, T. Vihma and 
E. Webb, 2024. Terrestrial hydrology. In: AMAP Arctic Climate Change Update 2024: 
Key Trends and Impacts, pp. 57-93. Arctic Monitoring and Assessment Programme 
(AMAP), Tromsø, Norway. https://doi.org/10.21352/q1rn-0246
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Figure 6.2 Major hydrophysiographical regions within the pan-Arctic drainage basin. Source: Bring et al. (2016).
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the Arctic Community-wide Hydrological Analysis and 
Monitoring Program (Arctic-CHAMP), also known as the 
Freshwater Integration Study, that resulted in several summary 
publications (e.g., Serreze et al., 2006; Holland et al., 2007; 
White et al., 2007; Francis et al., 2009; Rawlins et al., 2010); 
the Arctic Hydrological Cycle Monitoring, Modelling and 
Assessment Program (Arctic-HYDRA), from 2006 to 2010 
(Arctic-HYDRA, 2010); the Arctic Freshwater Synthesis (AFS) 
during the period 2013–2015 that resulted in eight publications 
(Prowse et al., 2015a,b; Bring et al., 2016; Carmack et al., 2016; 
Instanes et al., 2016; Lique et al., 2016; Vihma et al., 2016; Wrona 
et al., 2016) and a summary report (CliC/AMAP/IASC, 2016); 
previous Arctic Report Cards (e.g., Moon et al., 2021; Walsh et 
al., 2023a,b); and AMAP’s Snow, Water, Ice and Permafrost in 
the Arctic (SWIPA) 2017 assessment (AMAP, 2017).

This chapter reports developments regarding the Arctic 
freshwater system that have taken place since the SWIPA 
2017 Assessment (AMAP, 2017), with a focus on climate-
water interactions and key processes within the terrestrial 
hydrological domain, including precipitation and snow 
cover (Section 6.2), impacts of permafrost thaw on hydrology 
(Section 6.3), river discharge (Section 6.4), surface water (lakes) 
(Section 6.5), river ice (Section 6.6), lake ice (Section 6.7), and 
freshwater contributions from land ice (Section 6.8), all with 

an emphasis on observed changes and key drivers, as well as 
projected changes. The chapter concludes with a summary 
of how these changes are affecting ecosystems and Arctic 
livelihoods (Section 6.9). The outcome of the chapter will also 
serve as input to the AMAP/CAFF assessment on Climate 
Change Impacts on Arctic Ecosystems and Associated Climate 
Feedbacks, and the AMAP assessment on Societal Implications 
of Climate Change in the Arctic (SICCA) (both to be produced 
in the period 2024–2027). Figure 6.3 provides a conceptual 
illustration of the components of the terrestrial freshwater 
system addressed in this chapter.

6.2 Precipitation and snow cover
	• Precipitation has increased over recent decades, especially 

in cold seasons, and is associated with an increase in rainfall 
in all seasons and a decrease in snowfall in summer, with 
spatially varying trends in winter.

	• This century, precipitation events presently regarded as 
extremes are expected to become routine.

	• Snow mass has decreased across northern North America, 
but in Eurasia the trend has been negligible and snow depth 
has increased in parts of Eurasia.

Figure 6.3 Conceptual illustration of the climate-water interactions and key processes within the terrestrial hydrological domain addressed in this 
chapter, including water stored in the atmosphere, oceans, and on or below the Earth’s surface, and fluxes between storage sites (shown in italics). Source: 
Modified from Corson-Dosch et al. (2023).
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Precipitation accounts for the major influx of freshwater to 
the terrestrial hydrological system. Across the Arctic, snowfall 
is for most areas the dominant form of precipitation, and 
most of the terrestrial surfaces are covered by snow for the 
majority of the year (Mohammadzadeh Khani et al., 2022). 
The freshwater retained in the snow cover is later released to 
the river network during spring snowmelt. The snow pack has 
a major role in the climate system, acting as a strong reflector 
and insulator, and is thus associated with climate feedback 
mechanisms, as well as affecting hydrology, ecosystems, and 
human activities. Precipitation is a rapidly changing component 
of the Arctic climate and hydrological system, and exhibits 
a lot of small-scale spatial variability, which in turn creates 
challenges for the measurement and prediction of snow 
conditions (Bokhorst et al., 2016).

6.2.1 Observed changes and key drivers 

6.2.1.1 Precipitation

Consistent with the warming climate, an increase in pan-Arctic 
(north of 60°N) mean precipitation is apparent over the period 
1950–2023, as indicated by both the ERA5 reanalysis and the 
station-based dataset of the Global Precipitation Climatology 
Center (GPCC, land-based data only) (Walsh et al., 2023a). For 
a more recent period of 1979–2022, the trends are larger and 
statistically significant (p<0.05) for the entire year and for all 
seasons except spring (April through May) (Walsh et al., 2023b). 

When comparing different studies, however, it should be noted 
that the Arctic precipitation trends vary depending on the 
study period, region, season, and data source. Yu and Zhong 
(2021) detected a significant positive trend in ERA-Interim 
total precipitation for 1989–2016 over large parts of the marine 
Arctic, particularly in autumn and winter. The strongest trends, 
up to 0.5 mm/y, occurred in autumn over the east coast of 
Greenland. Negative trends occurred over limited areas 
of northern Eurasia and North America. Utilizing the NCEP-
NCAR reanalysis, Box et al. (2019) detected an increase of 6.8% 
in the cold-season (October through May) total precipitation in 
the area north of 50°N during 1971–2017. The increase during 
June through September was only 4.7%. A detected overall 
increase of 1.5% to 2.0% per decade for annual precipitation is 
consistent with the estimated sensitivity of Arctic precipitation 
to increased air temperature (Box et al., 2019).

Overall, among the most evident trends in precipitation in 
the circumpolar Arctic are the increases in rain and decreases 
in snowfall (Boisvert et al., 2018; Box et al., 2019; Räisänen, 
2023). These precipitation changes are generally seen as smaller 
amounts of snowfall and more frequent rain events during 
winter, and as higher rain rates during summer. Dates when 
snowfall dominated in the past are increasingly experiencing 
precipitation as rain (Moon et al., 2021). More frequent winter 
rains have also been observed and documented by Indigenous 
Peoples (Markkula et al., 2019). However, in the High Arctic, 
an increase in snowfall has been reported over the period 
1930–2010 (Mohammadzadeh Khani et al., 2022), and Zhong 
et al. (2018) found that snowfall in northern Eurasia showed 
a positive trend from 1966 through 2009. Further, in northern 
Finland, snowfall increased over 1961–2014 (Luomaranta 
et al., 2019). On the basis of the ERA5 reanalysis results for 

1940–2022, annual rain has significant (p<0.01) trends of 
0.64 mm/y for Eurasia (50–75°N, 40–190°E) and 0.63 mm/y 
for northern Canada (50–75°N, 60–125°W) (Figure 6.4). 
For this period over the same regions, the trends in snowfall 
are insignificant.

Uncertainty in the precipitation trends arises from the high 
degree of variability in precipitation over small spatial scales, 
a sparse observational network biased to low elevations, gauge 
undercatch in windy conditions, particularly for snowfall (Walsh 
et al., 2020; Ye et al., 2021), as well as errors and uncertainties 
in atmospheric reanalyses (Boisvert et al., 2018). Koyama 
and Stroeve (2019) found that the Arctic System Reanalysis 
version 1 (ASRv1) monthly precipitation generally agrees with 
corrected gauge-based precipitation measured at coastal or 
near-coastal stations in Greenland, but not in every location. 
Over the high-altitude station Summit on the Greenland Ice 
Sheet, the ASRv1 precipitation was overestimated compared 
to precipitation retrieved from the Precipitation Occurrence 
Sensor System (POSS). Loeb et al. (2022) concluded that the most 
recent reanalyses (ERA5, MERRA-2 and NCEP/CFSR) represent 
aggregated extreme precipitation reasonably well, but struggle to 
match the timing and location of the events consistently.

Large and statistically significant increases in the yearly 
maximum one-day and five-day precipitation as well as in the 
annual maximum number of consecutive wet days (CWD) have 
occurred in the Atlantic sector of the Arctic and northeastern 
Greenland (Walsh et al., 2023b). The CWD trend is positive 
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Figure 6.4 Annual mean rain and snowfall water-equivalent averaged over 
northern Canada (50–75°N, 60–125°W) and Eurasia (50–75°N, 40–190°E) 
for 1940–2022 on the basis of ERA5 reanalysis results. Source: Data ref. 6.1.
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from Svalbard eastward to the Chukchi Sea, approximately 
collocated with areas of reduced sea-ice coverage (Walsh 
et al., 2023b). Events of heavy precipitation have become 
less common in scattered regions, including parts of western 
Canada, Alaska, central Siberia, the Beaufort Sea, and the 
southern Barents Sea (Walsh et al., 2020, 2023b). ERA-Interim 
reanalysis suggests that during 1979–2016 the predominantly 
positive trends in the seasonal total precipitation were typically 
associated with consistent trends in the occurrence of seasonal 
extreme precipitation (Yu and Zhong, 2021). Evaluation of 
trends in extreme precipitation in the Arctic and subarctic is 
challenging due to the use of several different metrics to quantify 
precipitation extremes. Freezing rain and rain-on-snow events 
may also be considered as extreme precipitation events, at least 
from the perspective of their impacts on Indigenous Peoples 
and northern communities, namely, on transportation, reindeer 
herding (e.g., Rosqvist et al., 2022), risk of avalanches, and 
wildlife (Groisman et al., 2016). The frequency of occurrence 
of freezing rain increased by one day per year in the 2005–2014 
decade compared to the three previous decades (Groisman 
et al., 2016). Substantial increases have also been found over 
northern Norway and Svalbard. Peeters et al. (2019) found that 
in Ny Ålesund (data since 1969) and at Svalbard Airport (data 
since 1957), every third to fourth winter during the earlier 
decades was essentially rain-free, but since 1998 some rain had 
occurred almost every winter.

Several periods or events of extreme precipitation have been 
observed during recent years. In winter and spring 2017, there 
was abundant snowfall in Eurasia due to atmospheric circulation 
patterns favoring lower air temperatures and enhanced 
precipitation (Richter-Menge et al., 2017). In July 2018, record-
high precipitation was observed on Svalbard, while mainland 
Norway had a 40% negative anomaly, which was followed by 
extensive forest fires in both Norway and Sweden (Osborne 
et al., 2018). In winter 2019–2020, snowfall was above average 
in Scandinavia, and in the following summer, the precipitation 
aggregated over the Mackenzie and Yukon watersheds was the 
highest since 1985 (Thoman et al., 2020). A year later, in August 
2021, a warm moist-air intrusion over the Greenland Ice Sheet 
brought the first rainfall ever observed at the high-elevation 
Summit station (Box et al., 2022; Xu et al., 2022).

A prerequisite for an increase in precipitation is an increase 
in the moisture content of the atmosphere. The increasing 
Arctic precipitation has mainly been linked to strengthening 
moisture transport into the Arctic (Gimeno-Sotelo et al., 
2018), in combination with an intensification of local surface 
evaporation / evapotranspiration (Singh et al., 2017). However, 
the relationships between these variables are not simple 
(Gimeno-Sotelo et al., 2018). Nygård et al. (2020), for example, 
demonstrated that the regional moistening patterns during 
1979–2018 were predominantly shaped by strong trends in 
horizontal moisture transport, largely driven by changes 
in atmospheric circulation. Trends in evaporation, mostly 
driven by local sea-ice decline, had a lesser role in shaping the 
atmospheric moisture content on a circumpolar scale.

In terms of Arctic precipitation, a key circulation change has 
been the increase in the Greenland Blocking Index, favoring 
increasing precipitation in southeast Greenland (Auger et al., 
2017). In northern Greenland, precipitation is moderately 

correlated with the North Atlantic Oscillation (Koyama and 
Stroeve, 2019). Considering changes during the past 50 years 
in extreme seasonal precipitation in Arctic Fennoscandia, the 
key circulation drivers have been the Scandinavian pattern in 
spring, the East Atlantic / Western Russia pattern in summer 
and autumn, and the North Atlantic Oscillation as well as the 
Polar/Eurasia and East Atlantic patterns in winter (Marshall 
et al., 2020). In Canada, the most widespread events of freezing 
rain during 1964–2005 were driven by two circulation patterns: 
strong synoptic-scale warm advection and chinooks east of the 
Rocky Mountains (Kochtubajda et al., 2017).

For terrestrial hydrology, net precipitation (precipitation minus 
evapotranspiration) is more important than precipitation alone. 
However, direct observations of evapotranspiration are sparse, 
and not sufficient for reliable evaluation of regional trends. 
Hence, estimates have been made using satellite data, land 
surface models, reanalysis products, atmospheric water budget 
calculations, and empirical upscaling of point observations (Zhan 
et al., 2019). In general, both positive and negative trends in 
evapotranspiration have been found for the terrestrial Arctic 
(Li S. et al., 2022), and the results are sensitive to the method 
and data set, as well as to the study period and region. For 
example, on the basis of ERA5 meteorological data and use of the 
Penman–Monteith–Leuning model, Shi et al. (2022) estimated 
that from 2000 to 2020, the annual evapotranspiration in Siberia 
increased by 0.54±1.38 mm/y. The major driver of the increase 
was vegetation greening, with a contribution of 0.79±0.76 mm/y. 
However, a decrease in evapotranspiration during 1960–2016 
was detected in the Northwest Territories of Canada (Krogh 
and Pomeroy, 2018). See Section 6.3.1 for more information. 

6.2.1.2 Snow cover

The changes observed in the Arctic terrestrial snow cover 
have been dominated by a rapid decrease in snow-cover 
extent (SCE), particularly in spring (Overland et al., 2019). 
Until recently, reliable quantitative knowledge concerning 
potential trends in seasonal snow mass have been lacking 
(Bormann et al., 2018; Pulliainen et al., 2020). However, new 
satellite remote sensing methods have demonstrated a snow 
mass decrease of 46 Gt/decade over 1980–2018 across North 
America, but a negligible trend across Eurasia (Pulliainen 
et al., 2020). Moreover, for a longer study period, applying 
in-situ observations from 1814 stations across the Eurasian 
continent, Zhong et al. (2018) observed snow depth increases 
of 0.2 cm/decade for the annual mean and 0.6 cm/decade for 
the annual maximum from 1966 through 2012. The observed 
regional increase in snow depth was significant (p≤0.05) in 
areas north of 50°N. However, the monthly mean snow depth 
decreased in autumn and increased in winter and spring over 
1966 through 2012 (Zhong et al., 2018). Focusing on the High 
Arctic, Mohammadzadeh Khani et al. (2022) observed that 
during the period 1930–2010 the snow depth, and in some 
regions snow mass (water equivalent), mostly increased. In 
addition, negative trends have been observed in snow-cover 
duration (Mohammadzadeh Khani et al., 2022). Focusing on 
Europe, Fontrodona Bach et al. (2018) found predominantly 
negative trends in snow depth, but positive trends at a few 
stations mainly located in northern and inland Scandinavia 
as well as in Russia. Some of the positive trends were up to 
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+10%/decade, but most were small. Common among studies 
on observed changes are the conclusions on the importance of 
spatial variation in trends; even in a region as small as Finland 
the variations have been large (Luomaranta et al., 2019).

Historical changes in snow condition have also been addressed 
by modeling studies. Santolaria-Otín and Zolina (2020) found 
that most historical CMIP5 experiments show negative pan-
Arctic trends in snow-cover extent (SCE) and snow-water 
equivalent (SWE), but that the modelled trends are weaker than 
observed trends. In general, the CMIP5 models yielded better 
results for trends in SCE than SWE. In addition to challenges 
in reproducing trends, most CMIP5 models have biases in SCE, 
particularly for spring, and the annual cycle of SWE is biased, 
especially across northern North America (Santolaria-Otín 
and Zolina, 2020).

Drivers of observed changes in snow condition can be roughly 
divided into three groups: (1) changes in air temperature and 
precipitation, which may either enhance or compensate for 
each other; (2) changes in Earth surface properties, above all 
in vegetation; and (3) changes in atmospheric circulation. In 
terms of snow condition at any given location, Groups 1 and 2 
represent local drivers and Group 3 a remote driver.

Considering Group 1, latitude has a major impact on the 
changes (Shi and Liu, 2021). Increased air temperatures at high 
latitudes and altitudes have strongly enhanced snowmelt during 
winter (Musselman et al., 2021). Increased air temperatures 
also allow more precipitation, which increases snowfall in the 
coldest regions, such as northern Alaska (Littell et al., 2018) and 
Siberia (Mohammadzadeh Khani et al., 2022), but in warmer 
regions, such as western Svalbard, increased air temperatures 
often result in the replacement of snowfall by rain (Peeters et al., 
2019), which decreases the snowpack on the ground. Zhong 
et al. (2018) concluded that snowfall had a greater influence 
than air temperature on snow depth during November through 
March in large parts of northern Eurasia. In another study, 
Luomaranta et al. (2019) concluded that the decrease in snow 
depth in the southern, western and central parts of Finland 
in late winter and early spring was driven by the combined 
effects of increasing temperature and rain/sleet. However, 
in northern Finland, no trend in snow depth was found in 
winter, due to the compensating trends in snowfall, rain, and 
air temperature (Luomaranta et al., 2019). See Section 6.2.1.1 
on changes in snowfall.

As to Group 2, Thackeray et al. (2019) demonstrated that 
changes in vegetation, light-absorbing impurities, and sea ice 
also contribute to Arctic snow loss and variability (Ala-Aho 
et al., 2021a). Sea-ice decline allows higher local evaporation 
and, hence, favors an increase in precipitation. Thackeray 
et al. (2019) highlighted the long-term impact of changes in 
vegetation: after snow has accumulated at the height of the 
prevailing ground vegetation, it is redistributed by wind to 
topographic depressions and drifts (Bokhorst et al., 2016). 
A large inaccuracy in estimates of sublimation during blowing-
snow events generates uncertainty in the snow mass budget 
(Lundquist et al., 2024). Hence, changes in vegetation cover may 
generate trends in the occurrence of blowing snow and further 
in the snow mass budget (Thackeray et al., 2019). Changes in 
vegetation also influence albedo, and thus influence snowmelt 
in spring and summer (Gleason et al., 2019).

Group 3 has been addressed by Irannezhad et al. (2016). 
On the basis of daily climatological time series covering 
about 100 years from three sites in Finland, they concluded 
that in southern Finland, wintertime air temperature, snow 
hydrological processes, and continuous snow-cover duration 
were all affected by the Arctic Oscillation. However, in central 
and northern Finland, winter precipitation, snow hydrological 
processes and continuous snow-cover duration were influenced 
by the East Atlantic Pattern, East Atlantic / West Russia Pattern, 
and the Arctic Oscillation. At short timescales, isotope analyses 
allow attribution of snow pack properties in Alaskan tundra 
to atmospheric circulation patterns, such as synoptic-scale 
cyclones (Ala-aho et al., 2021b).

There is a strong need for interdisciplinary studies to better 
measure and model snow characteristics on a broad range of 
spatial scales (Bokhorst et al., 2016). New satellite instruments 
have a high potential for better detecting snow pack properties 
(An et al., 2020; Pulliainen et al., 2020). Recent advances in 
satellite remote sensing of snow include analyses on the impact of 
rainfall on snow depth estimation (An et al., 2020). Further, snow 
isotope analyses have a high potential to increase understanding 
of the role of snow in the Arctic water cycle (Ala-aho et al., 2021b).

6.2.2 Projected changes and key drivers

6.2.2.1 Precipitation

Several recent studies on precipitation in the future Arctic 
based on climate model projections address the increase in 
rain and decrease in snowfall. Based on the CMIP5 Multi-
Model Large Ensemble (37 models) following the RCP8.5 
scenario, statistically significant increasing signals on these 
changes are expected to emerge in the mid-to-late 21st century 
(Landrum and Holland, 2020). Using the same CMIP5 results, 
Bintanja and Andry (2017) concluded that, under the RCP8.5 
scenario, annual means for both rainfall and total precipitation 
will strongly increase in the circumpolar area north of 70°N, 
while snowfall will decrease. Further, rain will become the 
predominant form of precipitation by the end of the century. 
Under the RCP4.5 scenario, snowfall will remain almost 
unchanged but rainfall will increase. The increase in rain in 
the Arctic is expected to be greatest in summer and autumn 
but will also occur in winter, yielding a higher occurrence 
of rain-on-snow events (Bintanja and Andry, 2017), among 
others in large parts of Alaska (Bieniek et al., 2018; Pan et al., 
2018). The transition from snow to rain may shorten the snow 
season so that seasons previously considered extremely short 
will become common in the future (Walsh et al., 2020). In 
the coldest regions in winter, however, precipitation will fall 
predominantly as snow throughout the 21st century (Bintanja 
and Andry, 2017) and snowfall is expected to increase in these 
coldest areas (McCrystall et al., 2021; Bigalke and Walsh, 2022).

Compared to CMIP5, the results of CMIP6 (sixth phase of the 
coupled model intercomparison project) suggest more rapid 
Arctic warming and larger and faster changes in precipitation 
(McCrystall et al., 2021). The CMIP6 results show stronger 
Arctic amplification and sea-ice loss as well as increased 
sensitivity of precipitation to Arctic warming. Hence, both total 
precipitation and rain increase more rapidly in CMIP6 than 
in CMIP5, resulting in an earlier (by decades) transition from 
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a snow- to a rain-dominated Arctic in summer and autumn 
(McCrystall et al., 2021). The transition will potentially occur 
under 1.5°C global warming.

Regarding projected changes in extreme events, most climate 
models suggest more events of heavy precipitation, either 
in terms of increased precipitation intensity or increased 
frequency of the events (Walsh et al., 2020; McCrystall 
et al., 2021). A significant positive correlation between the 
amplified Arctic warming and extreme precipitation has been 
documented for the past (1901–2018) and is projected for the 
rest of the century (Liu et al., 2021). One factor suggested by 
Liu et al. (2021) as favoring an increase in extreme accumulated 
precipitation is increased and further increasing persistency of 
weather patterns. Overall, events presently regarded as extremes 
are expected to become routine in an emerging new Arctic 
(Landrum and Holland, 2020).

Considering drivers of projected changes in Arctic precipitation, 
Bintanja and Andry (2017) attributed the strong increase in 
Arctic precipitation to enhanced surface evaporation associated 
with sea-ice retreat. Analyzing the output of 37 global climate 
models, Bintanja (2018) concluded that increases in moisture 
transport and regional evaporation will both contribute to 
an increase of 50–60% in Arctic precipitation by the end of 
the century. Hence, compared to the conditions over recent 
decades (see Section 6.2.1), the relative importance of regional 
evaporation is expected to increase. In the terrestrial Arctic, 
evapotranspiration is expected to increase more in peatlands 
than in boreal forests (Helbig et al., 2020). By allowing a 
higher atmospheric moisture content, Arctic warming will be 
a key precondition for precipitation changes. According to Oh 
et al. (2020), in 2070–2099 in northern Canada and Eurasia, 
precipitation related to synoptic-scale cyclones will increase, but 
there will be an even stronger increase in precipitation generated 
by mesoscale weather systems. On the basis of experiments using 
the Community Earth System Model, Pan et al. (2020) concluded 
that during 2016–2080 the Arctic precipitation phase is three 
times more sensitive to aerosol forcing (due to global aerosol 
reduction) than to greenhouse gas forcing. Both favor a transition 
from solid to liquid precipitation in the Arctic.

In addition to trends, changes in interannual variability in 
precipitation are important but highly uncertain. Bintanja et al. 
(2020) analyzed climate model output on interannual variability 
of Arctic precipitation and concluded that the variability is 
likely to increase by up to 40%. This will be mostly driven by 
the greater magnitude and variability of poleward atmospheric 
moisture transport.

6.2.2.2 Snow cover

Concerning the projected changes in snow cover with a 
focus on this century, large-scale snow losses are expected to 
continue in all but the coldest climates (Thackeray et al., 2019). 
In general, regional variations will be large, with the biggest 
changes projected for the Canadian Arctic (Mohammadzadeh 
Khani et al., 2022). The period with seasonal snow cover is 
expected to decrease by 10–20% in most of the Arctic but by 
more than 30% in western Alaska and the European Arctic. The 
shorter snow-cover duration is largely due to an earlier start to 
the melt season (Overland et al., 2019), although the onset of the 

snow season will also be delayed (Thackeray et al., 2019). Spring 
snow-cover extent is projected to decrease by 10–35% by the 
end of the century, but projected trends in the annual maximum 
snow depth may be either positive or negative, depending on 
the region (Mohammadzadeh Khani et al., 2022). However, 
model projections suggest that reductions in greenhouse gas 
emissions could enable a stabilization of Arctic snow-cover loss 
by the end of the 21st century (Overland et al., 2019).

A widespread decrease in SWE is projected for Fennoscandia 
(Räisänen, 2021). This is due to the combined effects of changes 
in total precipitation, the snowfall fraction of precipitation, 
and the fraction of accumulated snowfall that remains on the 
ground. In southern parts of Fennoscandia, SWE will decrease 
due to a decrease in the latter two terms. In the northern parts, 
the interannual SWE variability is dominated by variations in 
total precipitation, but its projected increase over decadal time 
scales is not enough to compensate for the lower snowfall and 
snow-on-ground fractions (Räisänen, 2021).

The impacts of changes in Arctic snow conditions can be 
subdivided in terms of impacts on other variables in the 
physical climate system, impacts on ecosystems, and impacts 
on Indigenous Peoples, and other Arctic inhabitants. Considering 
impacts on physical variables, changes in snow accumulation and 
melt strongly affect runoff characteristics (Thackeray et al., 2019), 
which further affect impacts on ecosystems, Indigenous Peoples, 
and other Arctic inhabitants. Snow accumulation affects ground 
temperature, light conditions, and moisture availability during 
winter (Rixen et al., 2022). Moreover, a decrease in Arctic snow 
cover has contributed to an increase in surface temperatures in 
the Arctic during spring and summer (Letterly et al., 2018). The 
warmer surface warms the lower atmosphere, which decreases 
air density and north-south horizontal pressure gradients, and 
thus influences wind patterns and the jet stream (Overland et al., 
2019). The relationship between snowmelt and surface and air 
temperatures naturally also acts in the opposite direction, with 
higher temperatures as drivers of snowmelt (Letterly et al., 2018).

6.2.3 Knowledge gaps and recommendations

Trends in precipitation, snow depth and snow properties in 
the Arctic are not well quantified due to the large variability 
over small spatial scales, a sparse observation network, and 
uncertainties in the observations. There is a strong need 
to improve observation, data-assimilation, and modeling 
capabilities to reduce the large scatter in precipitation amounts 
and trends in atmospheric reanalyses. Also, to improve the 
synthesis of information on the occurrence and trends in 
precipitation extremes, more uniform use of metrics is 
recommended. Climate models have struggled to reproduce 
the historical trends in snow variables. Modeling challenges 
for both historical and future simulations are related to 
several processes acting across a broad range of spatial scales, 
including aerosol forcing on precipitation (Schmale et al., 
2021), sublimation of blowing snow, and poleward atmospheric 
moisture transport. Further, for adaptation strategies and 
social-ecological resilience, methods are needed to convert 
climate model projections to characterizations of future snow 
cover and snow type from the perspective of, for example, 
reindeer herding (Eira et al., 2018, 2023).
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6.3 Permafrost hydrology
	• Permafrost thaw is likely to drive changes in the water 

balance in Arctic areas, but the relevant subsurface processes 
are difficult to observe directly at the catchment scale. Few 
direct observations of long-term changes in permafrost 
hydrology are therefore available. However, findings from 
both observation-based and modeling studies suggest that 
permafrost thaw has already impacted the water cycle in 
catchments across the Arctic region.

	• Observed changes in streamflow dynamics and water 
chemistry indicate that permafrost thaw is influencing 
hydrological connectivity by creating deeper and longer 
waterflow pathways through catchments across the Arctic.

	• Permafrost thaw is likely to continue to drive changes 
in the hydrology of Arctic landscapes, by promoting 
increased groundwater flow and storage. The impact of these 
changes on surface wetness across the Arctic remains an 
open question.

Permafrost underlies approximately 15% of the northern 
hemisphere land surface and can act as an impermeable barrier 
that limits interactions between the surface water system and 
the groundwater system (Obu, 2021). Permafrost thaw (see 
Chapter 5, Section 5.2) alters local hydrological processes 
through changes in subsurface pathways and fluxes, for example, 
through increased connectivity between deeper and shallower 
groundwater and surface water. Changes in the distribution and 
routing of water across Arctic landscapes influences terrestrial 
water balances and streamflow dynamics (Walvoord and 
Kurylyk, 2016). Changes in water flow pathways further affect 
the functioning of Arctic ecosystems by promoting changes 
in waterborne fluxes of nutrients, weathering products, and 
contaminants (Tank et al., 2016; Toohey et al., 2016; McKenzie 
et al., 2021; Mohammed et al., 2022). 

Research on the impact of permafrost thaw on hydrology in 
recent years has been motivated not only by a need to improve 
understanding of the sensitivity of natural ecosystems to 
climate change, but also from natural resource perspectives, 
including safety of drinking water (e.g., Spence et al., 2020) 
and infrastructure (e.g., Chen et al., 2023). There have been 
advances in modeling and field-based research, especially 
considering process understanding at hillslope and catchment 
scales (e.g., Cochand et al., 2019; Lafrenière and Lamoureux, 
2019; Chiasson-Poirier et al., 2020; Wright et al., 2022). 
However, direct observations of changes in these processes 
are generally difficult to make since they largely occur in the 
subsurface environment and across large areas. Therefore, much 
emphasis has been put on the development of models that 
can simulate both freeze and thaw processes and hydrology 
at the same time, so-called cryohydrology models (Grenier 
et al., 2018; Lamontagne-Hallé et al., 2020). These tools have 
been used to improve scientific understanding of the general 
behavior of hydrology in permafrost areas (Atchley et al., 2016; 
Jafarov et al., 2018; Jan et al., 2018a; Ghias et al., 2019; Gao and 
Coon, 2022) and to project future changes (Kurylyk et al., 2016; 
Dagenais et al., 2020). Computational challenges have restricted 
most of these studies to the single 2D hillslope scale, although 
the first 3D and catchment scale model studies have recently 
been published (Painter et al., 2023). 

6.3.1 Observed changes and key drivers

As permafrost thaw is expected to increase subsurface 
connectivity and lower the water table, which may impact 
streamflow dynamics and water chemistry in streams and rivers, 
historic records of stream discharge and water chemistry have 
been used to infer changes in permafrost at the catchment 
scale, and still offer the most common observational evidence 
of changes in hydrological connectivity. For example, recession 
flow analysis has been used as a proxy for long-term changes in 
subsurface connectivity associated with permafrost thaw, and 
this method has been applied in catchments across the Arctic 
since Lyon et al. (2009) explored its potential for a subarctic 
catchment in Sweden. Expanding on these methods, Hinzman 
et al. (2020) showed that storage-discharge relationships have 
become increasingly non-linear with warming (1951–2018) 
in several catchments in northern Sweden and suggest a link 
to changes in seasonal frost and permafrost. Sergeant et al. 
(2021) found that the majority of 336 catchments studied across 
the Arctic exhibit the opposite trend to that expected with 
permafrost thaw. They suggested that differences in catchment 
characteristics such as topography and the extent of permafrost 
may explain these counterintuitive results. Hinzman et al. (2022) 
further explored the impact of such characteristics on the shape 
of streamflow recession using a mechanistic model and found 
that permafrost has the greatest impact on recession flow in 
steep catchments, while in flat catchments changes in permafrost 
do not result in any change in recession flow. Evans et al. (2020) 
carried out separate baseflow recession analyses for catchments 
with continuous and discontinuous permafrost, using 139 
Eurasian streamflow gauging stations (1913–2003), and found 
that only catchments with continuous permafrost exhibit the 
trends in recession flow expected with thawing permafrost 
(i.e., increased subsurface connectivity). Cooper et al. (2023) 
developed and tested techniques for directly estimating changes 
in saturated soil layer thickness from baseflow recession and 
found increases comparable to observed increases in active 
layer thickness for the Kuparuk River in Alaska. Several recent 
studies have also documented increases in winter discharge 
or groundwater contributions to rivers, as described in 
Section 6.4. These studies show that permafrost thaw is likely 
to be influencing catchment-scale hydrological connectivity 
across the Arctic, but that local factors such as permafrost extent 
and topography control the extent to which this can be detected 
with current methods of streamflow analysis.

The records of stream water chemistry typically cover shorter 
periods than stream discharge records, but offer complementary 
insights into permafrost thaw. Tank et al. (2016) analyzed 
water chemistry data for the Mackenzie River and interpreted 
a positive trend in alkalinity as an indication of increased 
weathering of glacial till following permafrost thaw. On the 
other hand, permafrost thaw was interpreted as only one of 
several potential mechanisms behind observed increases in 
dissolved organic carbon in the same study. Increases in the 
fluxes of major ions and dissolved organic carbon (2001–2014) 
were interpreted as indicators of permafrost thaw in the 
Yukon and Tanana Rivers (Toohey et al., 2016). Using water 
isotope data from the western Siberian lowlands, Ala-aho 
et al. (2018) showed that the extent of permafrost as well as 
lakes and wetlands influences water pathways at catchment 
scales. Hindshaw et al. (2018) explored the use of lithium and 
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uranium isotopes as proxies for water residence times and 
active layer thickness in two catchments in Svalbard for one 
summer season, and suggested that these elements can be 
useful for studying changes in active layer thickness also over 
longer time-scales. Other studies have focused on detecting 
and tracing the meltwater released from thawing permafrost 
throughout Arctic catchments. Streletskiy et al. (2015) detected 
no contribution of water from melting ground ice in the isotopic 
signature of streamflow in the lower Yenisey River. They found 
that spring streamflow was dominated by snowmelt water, 
while winter streamflow and frozen water in the active layer is 
dominated by late summer precipitation. Cochand et al. (2019) 
found no influence from permafrost or melting ground ice in 
groundwater and surface water in the discontinuous permafrost 
zone. This suggests that the main impact of permafrost thaw on 
hydrology is not the water released from melting ground ice, 
but the impact on water flow pathways which in turn influences 
both streamflow dynamics and water chemistry.

Empirically-based hydrological studies are often carried out at 
the catchment scale, which is therefore a scale where research 
on the impacts of permafrost thaw on hydrology has advanced 
in recent years. Modeling is also often used to complement field 
data for linking observed dynamics in hydrology to underlying 
mechanisms related to permafrost. In a study by Connon et al. 
(2014), permafrost thaw-induced land-cover change from forested 
peat plateaus to permafrost-free wetlands was linked to increases 
in hydrological connectivity and observed river discharge in the 
lower Liard River valley, in the taiga plains of western Canada 
(1996–2012). The rapid degradation of permafrost observed in 
this period led to a 43% loss of peat plateaus that transitioned 
into permafrost-free wetland areas. Similar processes in Arctic 
Sweden are illustrated in Figure 6.5. Kurylyk et al. (2016) set up 
a 3D model to simulate these observed changes and to quantify 
the thermal and hydrological processes driving these changes. 
Although lateral heat transfer was important for explaining the 
rapid permafrost thaw rates, groundwater and surface water 
flow rates were not, and permafrost thaw positively impacted 
groundwater flow rates. Using observations of groundwater levels 
from 2003–2017, Haynes et al. (2018) showed that the observed 
increases in stream discharge were associated with decreases 
in water storage in the landscape as it transitioned with the 
degradation of permafrost. Carpino et al. (2021) demonstrated 
that this landscape transition from forested peatlands with 
permafrost to permafrost-free wetlands is likely to continue 
with drying of wetlands to an endpoint with a permafrost-free 
forest landscape. Similar increases in stream discharge and runoff 
ratios (runoff/precipitation) have been observed in peatland-
dominated catchments in several parts of the Arctic, but only 
in the taiga plains of western Canada have they both occurred 
in the absence of increases in precipitation (Mack et al., 2021).

For a small catchment near the Arctic tree line in the Northwest 
Territories, Canada, Krogh and Pomeroy (2018) simulated the 
streamflow response to changes in climate and land cover from 
1960 to 2016. They found that a decrease in annual streamflow 
was lower than the decrease in annual precipitation, due to 
decreases in annual evapotranspiration and sublimation. 
Changes in climate and vegetation both impacted hydrological 
processes through evapotranspiration, which decreased by 
8.5% for the full study period. Meanwhile in Alaska, Koch 
et al. (2022) studied the water budgets in headwater catchments 

Figure 6.5 Rapid changes in hydrology have been observed following 
permafrost thaw in Arctic palsa and peat plateau environments. Observed 
changes include drainage of lakes (a) surrounded by degrading peat plateaus 
(b) and later terrestrialization and ingrowth of fen vegetation (c) of former 
lakes, and increased connection and drainage through fen areas (d). Photos 
from Dávvavuopmi, Sweden/Sápmi. Photo credit: Ylva Sjöberg.

a.

b.

c.

d.
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near the tree line and used a space-for-time substitution for 
exploring the impact of changes in permafrost and vegetation 
on streamflow. In contrast to the results of Krogh and Pomeroy 
(2018), Koch et al. (2022) found that increasing vegetation 
cover and decreasing permafrost extent were associated with 
increasing rates of evapotranspiration. This was mainly driven 
by low evapotranspiration rates for bare ground cover. The 
absence of permafrost was also linked to increased infiltration 
which, combined with higher evapotranspiration, resulted in 
lower streamflow. The results thus suggest that permafrost thaw 
and increased vegetation productivity may lead to drying of 
headwater streams. The water quality of headwater streams may 
also be affected by permafrost thaw. Using observations from 
the same catchments (as studied by Koch et al., 2022) combined 
with physically-based hillslope-scale modeling, Sjöberg et al. 
(2021) explored the impact of permafrost on temperatures 
of groundwater discharge to streams. Simulations showed 
that deeper flow paths associated with decreasing permafrost 
resulted in colder summer groundwater discharge, which was 
also corroborated by observations of colder stream summer 
temperatures in catchments with less permafrost.

The Umiujaq catchment in Nunavik, Canada, is one of few 
catchments where groundwater and permafrost have been 
intensively monitored and modelled to advance understanding 
of the impact of permafrost on groundwater resources (for an 
overview see Lemieux et al., 2020). More than two decades 
of monitoring at this site has shown interannually varying 
permafrost conditions which are influenced by soil moisture 
and groundwater-advected heat fluxes (Fortier et al., 2023). 
Such high interannual variability indicates that long-term 
monitoring of subsurface hydrology and permafrost is needed 
to detect changes in hydrology driven by permafrost thaw.

Observations of the development of supra-permafrost taliks 
(unfrozen ground above the permafrost but below the active 
layer) have been made in Canada and Alaska (Connon 
et al., 2018; Walvoord et al., 2019; Fortier et al., 2023). These 
observations have been complemented by modeling for a better 
understanding of the controlling mechanisms (Devoie et al., 
2019; Walvoord et al., 2019). It has been found that these taliks 
can speed up the degradation of permafrost below and allow 
for year-round groundwater flow, but too few observations of 
supra-permafrost taliks are available to detect any long-term 
or large-scale trends.

Permafrost thaw may also affect the occurrence of icings (or 
aufeis or naled), i.e., the accumulation of frozen water from 
groundwater discharge on the ground surface during winter, 
which may also contribute to streamflow during the summer 
(melt) season. The distribution of icings depends on climatic, 
hydrological, and geological conditions, and their response 
to changes in climate and permafrost is not fully understood 
(Ensom et al., 2020). Crites et al. (2020) mapped icings in 
northwestern Canada and found that they are more prevalent 
in the continuous, rather than the discontinuous, permafrost 
zone and that degradation of permafrost may lead to a decrease 
in icing occurrence. Several climatic factors have also been 
linked to icing occurrence, such as autumn precipitation, winter 
air temperatures, and snow conditions, and their projected 
changes may lead to increases or decreases in the frequency and 
size of icings (Morse and Wolfe, 2015, 2017; Ensom et al., 2020). 

6.3.2 Projected changes and key drivers

There have been several efforts to assess and improve 
modeling capabilities of permafrost hydrology at pan-Arctic 
scales (e.g., Ekici et al., 2019; Cai et al., 2020; Gädeke et al., 
2020), nevertheless few projections of expected changes 
in hydrology following permafrost thaw have so far been 
published. Andresen et al. (2020) compared the projections 
of near-surface soil moisture in the permafrost region by 
earth system models for the RCP8.5 scenario and the period 
2010–2299. The model projections generally showed a drying 
of near-surface soils as the active layer deepened, even though 
P–ET (precipitation minus evapotranspiration) increased, 
but the spatial patterns and the magnitude varied between 
models. The models also showed large discrepancies in 
projected permafrost thaw for the Arctic region, and did not 
include lateral fluxes of groundwater, and may therefore not 
be representative for changes at local scales.

At the catchment scale, there are few studies that focus on 
projections of changes in hydrology following permafrost thaw. 
Debolskiy et al. (2021) simulated a 1 km2 idealized catchment 
by mimicking the effects of permafrost thaw on hydrology, and 
found that thawing led to increases in annual runoff which 
were most pronounced in winter. Painter et al. (2023) simulated 
cryohydrology with ground subsidence using a model setup 
that spatially resolved a small polygon tundra catchment on 
the Alaska North Slope for the effects of thaw-driven landscape 
change on hydrology. Simulations with and without ground 
subsidence were carried out for the RCP8.5 scenario until 2100. 
Results showed that subsidence leads to minor increases in 
permafrost thaw compared to simulations without subsidence. 
Thawing and subsidence led to overall drier conditions, with no 
change in runoff, increases in evapotranspiration, and decreases 
in near-surface water storage (e.g., low center polygon ponds). 
These catchment-scale projections do not cover the full range of 
permafrost environments and may therefore not be representative 
of future impacts on hydrology from permafrost thaw across 
Arctic catchments. There is contrasting observational evidence 
showing that permafrost thaw may in fact lead to wetter soil 
conditions in areas with high ground-ice content (O’Neill et al., 
2020; Rodenhizer et al., 2022).

In recent years, models using laterally coupled tiles have been 
applied to polygonal tundra environments (e.g., Jan et al., 2018b; 
Aas et al., 2019). Nitzbon et al. (2020) simulated the stability 
of permafrost under the current climate (1980–2040), but 
with varying hydrological conditions for polygonal tundra on 
Samoylov Island, Lena River delta. Results indicated that wetter 
conditions can trigger degradation of ice-wedge permafrost while 
drier conditions have a more stabilizing effect, which may explain 
the observed spatial heterogeneity in ice-wedge degradation. 
Using a similar model setup, Nitzbon et al. (2020) simulated 
regional-scale permafrost degradation for water-logged and 
well-drained conditions and the RCP2.6, RCP4.5, and RCP8.5 
climate scenarios. They concluded that it is important to simulate 
small-scale lateral fluxes and ice melt, which are central processes 
in thermokarst. Widespread permafrost degradation followed the 
RCP4.5 and RCP8.5 climates and was considerably exaggerated 
in the simulations with water-logged conditions. However, the 
model did not simulate regional-scale hydrological dynamics 
and could therefore not predict trajectories in surface wetness. 
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In summary, these studies, including those of Painter et al. 
(2023), show that hydrological conditions control the rates of 
permafrost thaw in these environments, and models are now 
becoming capable of simulating coupled changes in permafrost 
and hydrology, which are needed to project future changes in 
these landscapes. 

Apart from studies at the catchment and landscape 
scale, there are also recent studies focusing on changes 
in hydrology following permafrost thaw at the hillslope 
scale using cryohydrology models. Evans and Ge (2017) 
compared generic hillslopes with permafrost and seasonal 
frost with representative high latitude and high elevation 
parameterizations for the RCP2.6 and RCP8.5 climate 
scenarios over 100–year simulations. They found that 
groundwater discharge increased with warming and 
thawing in all simulations, but that the increase was higher 
in permafrost hillslopes and highest in permafrost hillslopes 
at high elevations. Lamontagne-Hallé et al. (2018) presented 
a hillslope model with RCP8.5 warming which also yielded 
increasing (winter) groundwater discharge, and they also 
found that groundwater discharge areas moved further 
downslope with warming and permafrost thaw. Dagenais 
et al. (2020) simulated permafrost thaw following a projected 
regional warming scenario for a site in the discontinuous 
permafrost zone in Canada and found that heat advected 
by groundwater flow considerably impacts the thaw rates of 
permafrost, especially at the base of permafrost where thaw 
rates reached 80 cm/y in the simulations. Calibration against 
field observations showed that disregarding heat advection in 
simulations led to unrealistically cold and thick permafrost 
at the site. Walvoord et al. (2019) applied a hillslope model 
to explore the impact of forest fires on supra-permafrost talik 
development. Using an RCP8.5 climate over 100 years, they 
found that reduced shading and absence of an organic layer 
(representing effects of fire) led to intensified thawing. With 
thaw, groundwater discharge increased, as did the length of 
the season with active groundwater discharge to a model 
stream boundary. Guimond et al. (2022) showed that increases 
in discharge may be expected in coastal areas experiencing 
permafrost thaw where sea-level rise is limited, while in 
areas where sea-level rise is greater, groundwater discharge 
may decrease for warming scenarios RCP2.6, RCP4.5, and 
RCP8.5. Cryohydrology models can also be coupled to 
chemical transport models. Mohammed et al. (2022) showed 
that dissolved organic carbon (DOC) fluxes from previously 
frozen carbon increase with thaw and groundwater discharge 
but peak before groundwater discharge peaks, in a model 
forced by an RCP8.5 climate scenario. They also found that 
rising ground temperatures and new supra-permafrost flow 
paths contribute more to the increase in DOC export than 
does the development of a deep regional flow system.

In summary, most studies projecting changes in hydrology 
following permafrost thaw are relatively small scale and cover 
a broad range of environmental conditions. There is broad 
agreement that groundwater flow and discharge to streams 
will increase with permafrost thaw, which is most clearly 
observable in winter stream discharge. This is in line with 
earlier research (see, e.g., Walvoord and Kurylyk, 2016). 
In coastal areas, however, thaw impacts on groundwater 
discharge may also depend on changes in sea level (Guimond 

et al., 2022). Shifts in the location of groundwater discharge 
areas are also projected (Lamontagne-Hallé et al., 2018), 
as regional groundwater systems develop which may lead 
to water bypassing present-day headwater stream systems 
(Walvoord et al., 2012; Koch et al., 2022). There is little 
agreement and few studies on the impact of thaw on 
evapotranspiration. Koch et al. (2022) project increases in 
evapotranspiration based on observations in the boreal-Arctic 
transition zone in Alaska, while Krogh and Pomeroy (2018) 
found decreases in evapotranspiration in the Northwest 
Territories, Canada. Future model projections indicate 
increases in evapotranspiration (Andresen et al., 2020; Jan, 
2022; Painter et al., 2023). Some studies indicate that this will 
lead to drier surface conditions (Andresen et al., 2020; Painter 
et al., 2023) and reductions in total streamflow of headwater 
streams as infiltration increases (Koch et al., 2022). But more 
research is needed to reach consensus on ongoing and future 
changes in evapotranspiration and surface wetness across the 
heterogeneous Arctic landscape mosaic. Recent research in 
permafrost hydrology also clearly demonstrates the need for 
understanding of hydrological dynamics to accurately project 
changes in permafrost (Nitzbon et al., 2020).

6.3.3 Knowledge gaps and recommendations

Detecting changes in hydrological systems driven by degrading 
permafrost requires knowledge of baseline conditions that is 
generally lacking. This is largely due to difficulties in directly 
observing permafrost and groundwater at the scales of 
interest. Such knowledge gaps could partially be addressed 
through continued modeling efforts focusing on basic process 
understanding of these systems, but also to some extent through 
the use of increasingly available remote sensing-based data 
products. While progress has been made in both modeling 
and observation-based research, there is still no consensus 
on how permafrost thaw may affect surface wetness and 
evapotranspiration fluxes. Such knowledge will be crucial for 
understanding future water availability for plants and animals 
in the Arctic.

6.4 River discharge
	• Increasing trends in annual river discharge to the Arctic 

Ocean from both continents have continued, providing 
compelling evidence of intensification of the Arctic 
water cycle.

	• A significant increase in base streamflow during the 
cold season associated with permafrost thaw, autumn 
precipitation change, lake drainage and river-ice thinning 
is observed across most regions of the pan-Arctic 
drainage basin.

	• The magnitude of maximum river discharge has not changed 
significantly; however, the timing of snowmelt freshet has 
become earlier almost everywhere across the pan-Arctic.

	• The general pattern of future changes in discharge is a small 
increase or even decrease in dry regions with a temperate 
continental climate, and the greatest increase in discharge 
is in regions adjacent to the Arctic Ocean.
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River discharge (streamflow) is a key indicator of changes 
in the hydrological cycle associated with environmental 
changes in the watersheds. The Arctic Ocean is the most river-
influenced and land-locked of all oceans and is the only one 
with a contributing land area greater than its surface area. 
Thus, river flow to the Arctic Ocean plays an important role 
in the oceanic freshwater budget, accounting for about two-
thirds of the total freshwater flux to the Arctic Ocean (Serreze 
et al., 2006). Ocean salinity and sea-ice formation are strongly 
affected by river input (Tang et al., 2018), and changes in the 
freshwater and heat fluxes to the ocean can exert significant 
control over global ocean circulation via the North Atlantic 
deep-water formation (Rahmstorf, 2002). River discharge 
integrates signals of numerous environmental processes and 
their changes aggregated over the large areas of upstream 
watersheds. Changes in permafrost temperature, active layer 
thickness, thermokarst lake coverage as well as changes in 
precipitation, snow storage and intensity of snowmelt play 
an important role in alterations of river discharge to the 
Arctic Ocean. 

The river flow analysis discussed in this section is mainly based 
on observational data from hydrological gauging stations. 
However, it should be noted that the monitored area in the 
pan-Arctic drainage basin has significantly decreased since 
the end of the 1980s (Shiklomanov and Lammers, 2013), 
and a considerable part of the basin (about one-third) is 
currently completely ungauged, including the Canadian Arctic 
Archipelago, Chukotka, and other regions.

6.4.1 Observed changes and key drivers

6.4.1.1 Annual discharge 

Changes in freshwater flux into the Arctic Ocean have been 
estimated from downstream gauges on the six largest rivers 
of Eurasia (Yenisey, Lena, Ob, Pechora, Severnaya Dvina, 
Kolyma) and the two major North American rivers (Mackenzie, 
Yukon). Their locations are shown in Figure 6.1. Collectively, 
the watersheds of these eight rivers comprise approximately 
70% of the pan-Arctic drainage area and account for most 
stream-water input to the Arctic Ocean (Holmes et al., 2021). 
However, this value varies depending on the study, as there are 
many different assessments of pan-Arctic drainage areas and 
these range from 12×106 km2 to 24×106 km2, with most of the 
differences attributed to how each research group defined the 
drainage system in North America and Greenland (Prowse 
et al., 2015a; Shiklomanov et al., 2021). The following estimates 
of river flow to the Arctic Ocean are based on the eight largest 
monitored watersheds only, with river flow from the smaller 
river basins and unmonitored sections assumed to behave 
similarly to the large rivers.

Observations on discharge to the Arctic Ocean have been 
available since 1936 for the Eurasian rivers and since 1970 for 
the North American rivers. These records indicate a significant 
increase of 222 km3 in total freshwater influx over the period 
1970–2023 (Figure 6.6), providing compelling evidence of 
the intensification of the Arctic water cycle (Déry et al., 2016; 
Holmes et al., 2021; Shiklomanov et al., 2021; Data ref. 6.2). 
However, over this period only three rivers (Lena, Kolyma, 
Yukon) show statistically significant positive trends with 

Figure 6.6 Long-term annual river discharge (1970–2023) for the eight 
largest rivers in the pan-Arctic drainage basin; provisional data from 
ArcticGRO were used to estimate the annual discharge of the Russian 
rivers for 2021–2023 and the American rivers in 2023. Source: Data ref. 6.2.
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95% confidence (Figure 6.6). The two largest Arctic rivers 
(Yenisey, Lena) contributed 73% to the observed 1936–2023 
trend over Eurasia and more than 55% to the pan-Arctic trend 
for 1970–2023 (Figure 6.7). It should be noted, however, that 
the reliability of observational discharge data for these two 
rivers has declined significantly since 2002 (McClelland 
et al., 2015; Bring et al., 2016) due to inconsistent streamflow 
measurements (Shiklomanov et al., 2006; Tretiakov et al., 2022). 
However, discharge estimates based on remote-sensing data 
show similar trends for these rivers in the 2000s (e.g., Scanlon 
et al., 2016; Feng et al., 2021; Lin et al., 2022). The two largest 
pan-Arctic rivers across North America (Mackenzie, Yukon) 
also demonstrate increases in annual discharge since 1970 
(Figure 6.6) (Rood et al., 2017; Data ref. 6.2), and although 
the Yukon discharges into the Pacific Ocean, most of its water 
moves into the Arctic Ocean through the Bering Strait and 
plays an important role in its freshwater balance (Solomon 
et al., 2021). Together, the two largest North American Arctic 
rivers contributed about 28% to the total increase in river 
flow to the Arctic Ocean since 1970 (from the eight largest 
river basins; Figures 6.6 and 6.7). It should be noted that the 
contributions of these American rivers to the total annual river 
flow to the ocean have significantly increased due to extremely 
high observed annual discharge during the past few years 
(Figure 6.6). A significant increase in annual discharge was 
also reported for most Canadian rivers flowing into Hudson 
Bay (Déry et al., 2016; Durocher et al., 2019).

Despite a consistent increase in total annual river discharge to 
the Arctic Ocean from both continents, the changes in discharge 
across the pan-Arctic drainage basin are not spatially uniform. 
A significant increase of 5–20% in annual river discharge over 
1976–2018 relative to 1946–1975 is observed for a large area of 
Eurasia north of 58°–60°N (Gelfan et al., 2023). Simultaneously, 
there are two large areas in Siberia with decreasing annual 
streamflow attributable to the observed decrease in precipitation 
and snow accumulation (Nesterova et al., 2020). These areas 
include the southern parts of the Yenisey watershed and the 
area east of the Kolyma basin (Magritsky et al., 2018; Frolova 
et al., 2022). The most significant decreasing discharge trend 
has been observed in the Selenga River basin (Shiklomanov 
and Lammers, 2013; Frolova et al., 2022), especially over 
its Mongolian section where the mean annual discharge for 
1976–2016 was 22% lower than for 1950–1975 (Frolova et al., 
2017; Zorigt et al., 2019). There is no consistency in observed 
annual discharge changes over North America (Bonsal et al., 
2019), where opposing trends can be detected depending on 
the time-scale of the analysis (Bennett et al., 2015; Bring et al., 
2016; Shiklomanov et al., 2021). There is a general tendency 
in Canada for discharge to the Arctic Ocean from the western 
part of the Hudson Bay watershed and regions along the Arctic 
seacoast to show mostly positive trends, while discharge from 
the south and east of Hudson Bay and the southern part of the 
Mackenzie Basin demonstrates mostly negative trends (Déry 
et al., 2016; Durocher et al., 2019; Feng et al., 2021; Mack et al., 
2021). Declining water levels have also been observed by the 
Indigenous Peoples within the Mackenzie River basin for Hay 
River, Sandy Creek, Buffalo River, Great Slave Lake and other 
smaller streams and creeks (Stenekes et al., 2020). The low 
water levels have, among other things, limited their access 
to some areas by boat. Similar observations have been made 

by other Indigenous Peoples across the Arctic (Knopp et al., 
2022). In Alaska, annual discharge from the North Slope has 
increased significantly over the past 20 years (Arp et al., 2020b). 
Simultaneously, a decrease in discharge has been observed for 
most boreal watersheds of central Alaska, including glaciated 
basins (Bennet et al., 2015).

6.4.1.2 Seasonal and extreme discharge

The typical pan-Arctic natural river flow regime, consisting 
of a low winter discharge, high spring-summer discharge 
driven by snowmelt and/or glacial melt, and rain-induced 
summer-autumn floods, has shown a noticeable alteration 
during recent decades due to accelerated warming in the upper 
portions of the watersheds (Ballinger et al., 2021). There is 
a growing body of research addressing changes in seasonal 
patterns and extremes of discharge in the pan-Arctic drainage 
basin (e.g., Georgievskii et al., 2019a,b; Ahmed et al., 2020; 
Shiklomanov et al., 2021; Whitfield et al., 2021; Frolova et al., 
2022; Gelfan et al., 2023). The changes are usually attributed 
to warmer and wetter climate conditions (e.g., Suzuki et al., 
2020; Holmes et al., 2021; Liu et al., 2021; Hiyama et al., 2023) 
and/or to cryospheric changes such as permafrost thaw (e.g., 
Panyushkina et al., 2021; Wang et al., 2021; Han and Menzel, 
2022; Cooper et al., 2023; see also Section 6.3), glacier melt 
(e.g., O’Neel et al., 2014; see also Section 6.8), and river ice 
(e.g. Gurevich, 2009; Shiklomanov and Lammers, 2014; Yang 
et al., 2021; see also Section 6.6). Water management such as 
construction of large reservoirs, inter-basin water diversions, 
and water withdrawals can also significantly affect discharge 
seasonality and extremes (Shiklomanov and Lammers, 2009; 
Magritsky et al., 2018). In some cases, reservoir regulation has 
a more significant influence on river flow regime than climate 
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change (Arheimer et al., 2017). Anthropogenic impacts are 
important for many Arctic rivers and include flattened average 
annual hydrographs, effects on interannual variability, and 
increased weekly periodicity (Déry et al., 2018). Quantitative 
assessments of the human impacts on river runoff are required 
in order to isolate them from the effects of climate change. 
Such investigations have previously been undertaken for the 
Yenisey (e.g., Shiklomanov and Lammers, 2009; Stuefer et al., 
2011), Ob (e.g., Hu et al., 2022), Lena (e.g., Magritsky et al., 
2018; Georgiadi and Milyukova, 2023), all large Russian Arctic 
rivers (e.g., Georgiadi et al., 2019; Koronkevich et al., 2019), 
and rivers in the Hudson Bay drainage basin (Déry et al., 2018). 
Shiklomanov et al. (2021) summarized the results of human 
impacts on Arctic river flow as a whole. The present chapter 
focuses on the long-term climate-induced changes in discharge 
seasonality and extremes, and as a result, the analysis is based 
on rivers with minimal human impact on the hydrological 
regime (Shiklomanov and Lammers, 2013).

A general pattern of changes in discharge seasonality and 
extremes across the pan-Arctic is characterized by a significant 
increase in base streamflow during the cold season and a 
change in the timing of snowmelt freshet (Déry et al., 2016; 
Mack et al., 2021; Shiklomanov et al., 2021; Wang et al., 2021; 
Frolova et al., 2022; Liu et al., 2022; Gelfan et al., 2023). The 
analysis of long-term monthly discharge records from gauges 
with minimal anthropogenic impact shows a consistent 
increase in winter runoff throughout the Russian Arctic 
drainage basin over the 1950–2018 period (Katsov, 2022). 
This increase ranges from 20% in eastern Siberia (Lebedeva 
and Gustafsson, 2021; Hiyama et al., 2023) to 30–50% in the 
north of Yenisey basin (Burenina et al., 2021) and southwest 
of the Ob watershed (Katsov, 2022; Savichev et al., 2022). 
Similar increases in winter runoff were found in other Arctic 
regions, including in Scandinavia (Gohari et al., 2022), 
Canada (Bawden et al., 2015; Rood et al., 2017; Whitfield 
et al., 2021) and Alaska (Rawlins et al., 2019; Shrestha et al., 
2021). The rise in winter runoff can be attributed to the 
accelerated warming observed at high latitudes and associated 
mobilization of subsurface water due to thawing permafrost 
(Evans et al., 2020; Cooper et al., 2023; see also Section 6.3), 
decreased winter freezing of soils (Kalyuzhny and Lavrov, 
2016; Ala-Aho et al., 2021a) and the increased frequency 
and magnitude of winter snowmelt events in southern parts 
of the pan-Arctic drainage basin (Pavlovskii et al., 2019). 
Changes in streamflow during summer and autumn are less 
consistent throughout the pan-Arctic drainage basin. The 
general pattern of changes during this period consists of 
negative or no trends in discharge during June–July, mainly 
due to the earlier onset of snowmelt, insignificant positive 
trends in August, and a significant increase in discharge 
for September–October before freeze-up (Shiklomanov 
et al., 2021). Significant increases in discharge from August 
to October were found on many rivers of eastern Siberia 
in the continuous permafrost zone (Lebedeva et al., 2019; 
Makarieva et al., 2019). These changes were associated with 
thawing permafrost and increased active layer thickness due 
to accelerated warming (Makarieva et al., 2019; Hiyama et al., 
2023). Accelerated retreat of glaciers in the headwaters of 
some major Arctic rivers may be an additional factor for 
increasing discharge over this period. There are no consistent 

changes in summer-autumn precipitation in this region 
except for the Kolyma River basin, where a significant 
increase in autumn (September–October) precipitation has 
been reported (Vyazilova et al., 2022). Similar increasing 
tendencies in summer–autumn runoff were found on the 
Alaskan North Slope (Arp et al., 2020b). These observations 
were attributed to more frequent large late summer rainfall 
events due to higher air temperature and declining sea ice.

6.4.2 Projected changes and key drivers

There are two general approaches to the assessment of 
potential changes in river flow under projected climate change: 
one based on the results of modeling hydrological processes 
in global climate models (GCMs), and the other based on 
global or basin-scale hydrological models using GCM climate 
projections as the input. Although the latter approach is 
more accurate and has less uncertainty for estimating future 
streamflow changes (Krysanova et al., 2018), representations 
of terrestrial hydrological processes in many GCMs have 
substantially improved such that GCM simulations can now 
be used to evaluate potential changes in water resources at the 
regional scale (Georgievsky et al., 2021; Gelfan et al., 2023). 
Most GCMs under CMIP5 and CMIP6 project a significantly 
warmer and wetter future Arctic climate (see Sections 6.2.2.1 
and 6.2.2.2) and there is very good agreement between their 
results in terms of further increase in Arctic runoff (Bring 
et al., 2016).

Depending on the model used, the climate scenarios, and the 
timescale of interest, annual runoff is projected to increase 
after 2050 in the range of 5–15% for western Siberia and 
western Hudson Bay, to 35–60% for eastern Siberia, north-
eastern Canada and northern Alaska (Bring et al., 2017; 
Ferguson et al., 2018; MacDonald et al., 2018; Stadnyk 
et al., 2021). Especially significant increases in annual river 
discharge (50% and more) under the most ‘rigid’ (‘business 
as usual’) greenhouse gas emissions scenarios are projected 
for the East Siberian rivers (Indigirka, Yana, Kolyma, Anadyr) 
(Nasonova et al., 2019, 2021, 2022; Gelfan et al., 2022). DeBeer 
et al. (2021) investigated future changes in runoff for the 
interior of western Canada using the fine-scale Cold Regions 
Hydrological Modelling (CRHM) platform. They projected 
an increase in annual runoff by the end of the 21st century, 
ranging from 15% in the Cordilera Mountains to 100% in 
the northern part of Mackenzie Basin and along the Arctic 
Ocean seacoast, and that peak discharge would decline in the 
western mountains by up to 30% and increase in the boreal 
plain region (south of the Mackenzie watershed) by 100% 
(DeBeer et al., 2021). The overall pattern of future changes 
in runoff is a small increase or even decrease in dry regions 
with a temperate continental climate such as the southern Ob 
and Yenisey watersheds (including territories of Kazakhstan, 
China, and Mongolia) and the Canadian prairies, with the 
greatest increase in runoff occurring in the Eurasian and 
North American Arctic regions adjacent to the Arctic Ocean 
(Bring et al., 2017; Saito et al., 2021; Stadnyk et al., 2021; 
Gelfan et al., 2022). Although the projected rates of future 
changes in seasonal and extreme discharge vary considerably 
depending on the approach and timeframe used, they do show 
several common features:
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	• more uniform discharge distribution throughout the year 
owing to an increase in discharge during low flow periods, 
which is already being observed in many regions and which 
is projected to continue in the future (Saito et al., 2021; 
Stadnyk et al., 2021);

	• a shift to earlier snowmelt and spring freshet due to rising 
air temperatures (Nasonova et al., 2019, 2021; McCrystall 
et al., 2021; Stadnyk et al., 2021);

	• greater streamflow during late summer and autumn 
due to higher precipitation and accelerated permafrost 
thaw associated with warmer temperatures and sea-ice 
decline in the Arctic Ocean (Dou et al., 2022; Ford and 
Frauenfeld, 2022).

6.4.3 Knowledge gaps and recommendations
The accuracy of daily discharge estimates used for computing 
constituent fluxes depends on the number of river discharge 
measurements (Shiklomanov et al., 2006). Unfortunately, 
regular streamflow measurements have declined substantially 
at downstream gauges on the Yenisey, Lena and Kolyma 
rivers since 2003 (Tretiakov et al., 2022). Roshydromet 
(the agency responsible for hydrological observations in 
Russia) continues to evaluate and publish daily streamflow 
data using a long-term stage-discharge rating curve for 
open water and historical relationships for winter discharge 
correction coefficients. Despite the relative stability of river 
channels and stage-discharge rating curves for these gauges, 
it is likely that the daily discharge data for these gauges is of 
lower accuracy especially during high flow periods because 
they are not supported by regular discharge measurements 
(McClelland et al., 2023). Reliability of discharge estimates is 
very important for downstream gauges; unfortunately, many 
gauges in the Lena, Yenisey, and Yukon watersheds have gaps 
in recent years and some gauges have very limited or no 
discharge measurements during open-water conditions. A 
new methodological approach for estimating river discharge 
based on remote sensing information and the Mass-
conserved Flow Law Inversion (McFLI) method has recently 
found widespread applications (Ishitsuka et al., 2021). This 
approach does not need in-situ data to estimate discharge 
although the results will improve markedly with gauge data 
(Durand et al., 2016). Nonetheless, the discharge estimates 
are temporally and spatially limited by satellite overpass 
geometry and sensor-specific limitations (e.g., cloud cover). 
These disadvantages, however, may be partly overcome by the 
recent launch of a new satellite mission such as the NASA/
CNES/CSA/UKSA Surface Water and Ocean Topography 
mission (SWOT; Biancamaria et al., 2016). Another very 
promising approach to evaluate discharge with high temporal 
resolution is to combine the data from orbital satellites and 
hydrological modeling (Feng et al., 2021; Ishitsuka et al., 
2021). Use of global hydrological models makes it possible 
to estimate daily discharge and obtain extreme values. Most 
such models, however, assume natural flow and ignore the 
impact of human activities (such as dam operations or 
water extraction). Despite this drawback, the use of satellite 
data with models can provide very valuable information, 
especially for unmonitored areas of the pan-Arctic drainage 
basin where direct human impact is very limited.

6.5 Surface water (lakes)
	• Lake area is declining across the discontinuous permafrost 

zone. In the continuous permafrost zone, however, the 
number of sites with decreasing lake area is similar to 
the number with increasing lake area. Stronger lake area 
declines in the discontinuous permafrost zone is consistent 
with permafrost thaw being further advanced there than in 
the continuous permafrost zone.

	• Increasing precipitation, intensified precipitation events, 
and warming are hastening permafrost thaw and leading 
to continued lake area declines.

Lakes are a cornerstone of Arctic ecosystems; they constitute 
20–40% of Arctic lowlands and provide feeding and nesting 
sites for migratory birds, as well as year-round habitat for fish 
and mammals (Grosse et al., 2013; Haynes et al., 2014; Roach 
and Griffith, 2015). People also rely on Arctic lakes for drinking 
water, subsistence activities, and industrial operations (Berkes 
and Jolly, 2001; Jones et al., 2009, 2023; Turner et al., 2018). 
While natural fluctuations in the number and size of Arctic 
lakes are common on millennial timescales (Brosius et al., 2021; 
Jones et al., 2022), modern climate change is shifting these 
systems towards landscape-scale wetting (lake formation and/or 
expansion) or drying (lake drainage, desiccation, or infilling) 
(Shugar et al., 2020; Webb and Liljedahl, 2023).

Climate change can alter lake area through several processes. 
First, mass loss from retreating glaciers contributes to increases 
in lake area, although this effect is mostly limited to ice-marginal 
environments (Shugar et al., 2020; Mallalieu et al., 2021). 
Second, perturbations in the precipitation/evapotranspiration 
balance (i.e., increases in evaporative demand from warming 
temperatures or warming-induced changes in precipitation 
phase, timing, and magnitude) may increase or decrease lake 
area, depending on the net change in the evaporation to inflow 
ratio. The susceptibility of regional lake storage to evaporative 
desiccation varies depending on the interactive effects of local 
climate (e.g., evapotranspiration, precipitation, and length of 
the open-water period), and landscape characteristics such as 
vegetation, topographic position, lake depth, lake abundance, 
and permafrost conditions (Vulis et al., 2020; Woolway et al., 
2020; Young et al., 2021), and some Arctic regions are likely to 
be resistant to desiccation (MacDonald et al., 2017; Wilcox et al., 
2023). Lastly, permafrost thaw can cause both increases and 
decreases in lake area through several processes (as described 
below) (Smith et al., 2005; Webb and Liljedahl, 2023). 

New lakes are formed when ice-rich permafrost thaws and 
the land surface formerly sustained by ice collapses to create 
a topographically low spot where water pools (Czudek and 
Demek, 1970; Burn, 1992; Grosse et al., 2013; Bouchard et al., 
2020; Coulombe et al., 2022). Lakes expand as lake margins 
thermally and mechanically erode (Brewer, 1958; Grosse et al., 
2013; Bouchard et al., 2020). Concurrently, lake drainage 
may occur through surface or subsurface drainage channels 
created by thawing permafrost (Mackay, 1988; Yoshikawa and 
Hinzman, 2003; Lantz and Turner, 2015; Carpino et al., 2021), 
or through high lake levels overtopping the banks and eroding 
new drainage pathways (Jones and Arp, 2015). Lake area may 
also decline as a result of increasing sedimentation, which 
occurs when lake-adjacent permafrost thaw results in slope 
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Figure 6.8 Evolution of thaw lakes in ice-rich soils undergoing permafrost thaw. Initially, permafrost degradation results in lake initiation and expansion, 
with continued thaw leading to lake drainage. Lake infilling may occur due to slope failure or as a result of enhanced sediment transfer into the lake 
from the surrounding catchment. Surface lake drainage may also occur when a new outlet forms as a result of melting excess ground ice or extreme 
precipitation causes water to overtop the lake edge, initiating mechanical and thermal erosion. Source: Webb and Liljedahl (2023).
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failure, mass wasting, and subsequent lake infilling (Lantz and 
Kokelj, 2008; Lewkowicz and Way, 2019), or when enhanced 
terrestrial-aquatic connectivity increases sediment transport to 
lakes (Kuhn and Butman, 2021). These processes are illustrated 
in Figure 6.8, which shows the evolution of thaw lakes in ice-
rich soils undergoing permafrost thaw. Permafrost thaw-driven 
lake area change is hypothesized to be a continuum, whereby 
initial permafrost thaw leads to increasing lake area, with 
advanced thaw leading to lake area decline (Smith et al., 2005).

6.5.1 Observed changes and key drivers

In glacial landscapes, climate change-driven glacial mass loss 
is increasing both the number and the area of glacial lakes 
(Carrivick and Quincey, 2014; Shugar et al., 2020; Mallalieu 
et al., 2021; Dye et al., 2022), with the rate and magnitude of 
these increases dependent on landscape features like dam type 
and topographic position (Field et al., 2021; Rick et al., 2022).

In unglaciated or post-glacial landscapes, some evidence 
suggests that climate warming and associated changes to 
the precipitation/evapotranspiration ratio are leading to 
lake desiccation (Smol and Douglas, 2007; Bouchard et al., 
2013; Campbell et al., 2018; Carroll and Loboda, 2018) or to 
increases in lake area (Cheţan et al., 2020; Veremeeva et al., 
2021). Concurrently, permafrost thaw is also driving long-term 
surface water and lake-area trends (Swanson, 2019; Travers-
Smith et al., 2022; Webb et al., 2022; Webb and Liljedahl, 2023), 
although the net direction of these trends is highly uncertain 
at both the local and regional scales (Olthof et al., 2023; Webb 
and Liljedahl, 2023; Webb et al., 2023). 

A review of 139 sites from 57 remote sensing studies focusing 
on Arctic lake area found that most (63%) landscape-scale 
studies report negative trends in lake area in the discontinuous 
permafrost zone, while in the continuous permafrost zone, 
reports of increasing and decreasing lake area were nearly equal 
(40% increasing, 38% decreasing, 22% no change) (Webb and 
Liljedahl, 2023) (Figure 6.9). Evidence of stronger lake area 
declines in the discontinuous permafrost zone is consistent with 
the continuum concept of permafrost thaw, whereby permafrost 
thaw is further advanced in the discontinuous compared to the 
continuous permafrost zone (Smith et al., 2005). A near-equal 
number of studies documenting positive and negative trends in 
the continuous permafrost zone suggests that the hydrological 
consequences of permafrost thaw have already progressed 
towards the latter part of the continuum, where the rate of 
lake drainage is equal to the rate of lake formation/expansion 
in the continuous permafrost zone (Webb and Liljedahl, 2023). 

Similarly, a pan-Arctic analysis of surface-water trends found 
widespread surface-water declines over the past two decades, 
with stronger declines observed in the discontinuous than in 
the continuous permafrost zone (Webb et al., 2022). Drying 
and draining of lakes and declining water levels have also been 
observed across the Arctic by Indigenous Peoples (Knopp et al., 
2022). Uncertainty remains about the net direction of change 
across large regions of the Arctic, however, because independent 
studies sometimes report directionally opposite lake-area trends 
in the same region (i.e., some research shows increasing surface 
water in the same region that other research shows decreasing 
surface water) (Olthof and Rainville, 2022; Webb et al., 2022; 
Webb and Liljedahl, 2023). Such inconsistencies are likely to 
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be due to methodological approach, and further research is 
needed to resolve discrepancies among analyses. 

Lake area change is highly heterogeneous at the kilometer 
scale (Labrecque et al., 2009; Jones et al., 2011; Lindgren 
et al., 2021; Webb et al., 2022), probably resulting from the 
interaction between climate variables, bedrock and surficial 
geology, and local landscape characteristics (Carroll and 
Loboda, 2018), particularly ground ice content. Melting 
ground ice can promote both lake initiation/expansion and lake 
drainage/infilling (Hopkins, 1949; Czudek and Demek, 1970; 
Mackay, 1988), with recent work documenting net positive 
and net negative surface water trends associated with ice-rich 
permafrost (Swanson, 2019; Travers-Smith et al., 2022; Webb 
et al., 2022). Drainage networks formed by melting ice wedges 
may establish rapidly (Fortier et al., 2007; Jones et al., 2023) and 
are likely to remain on the landscape for decades, if not longer, 
further increasing the potential for landscape-scale drainage 
(Haynes et al., 2018). Indeed, lake drainage rates have increased 
in recent years, reflecting gradual increases in temperature and 
precipitation as well as extreme weather events (Lantz and 
Turner, 2015; Nitze et al., 2020; Lara et al., 2021). Disturbance 
regimes, such as wildfires (see Chapter 4), are also impacting 
lake area change. Travers-Smith et al. (2022), for example, found 
generally decreasing lake areas within fire scars in Canada 
between 1985 and 2020 due to accelerated permafrost thaw, 
compared to lakes outside burned areas that generally showed 
increasing lake areas. 

6.5.2 Projected changes and key drivers

Glacier melt and retreat are directly related to temperature 
increases (Rounce et al., 2023), and as a result, future climate 
warming is expected to lead to continued growth of glacial 
lakes (Shugar et al., 2020). However, glacial lakes will remain 
highly dynamic systems, as glacial thinning (Jakob et al., 2021) 
could also lead to accelerated drainage of ice-dammed lakes, 
and as glaciers retreat off their terminal moraines, the rate of 
moraine dammed lake formation could slow (Rick et al., 2022).

Precipitation and temperature interact to influence lake area 
change through the precipitation/evapotranspiration balance 
(Smol and Douglas, 2007; Bouchard et al., 2013; Campbell 
et al., 2018; Carroll and Loboda, 2018; Cheţan et al., 2020; 
Veremeeva et al., 2021), and through permafrost-thaw (Lantz 
and Turner, 2015; Swanson, 2019; Nitze et al., 2020; Lara et al., 
2021; Webb et al., 2022). Climate models project both warming 
air temperatures and increasing precipitation across the Arctic 
(Box et al., 2019; McCrystall et al., 2021; Cai et al., 2024) and 
observed trends in precipitation are stronger than trends in 
evapotranspiration (Rawlins et al., 2010), suggesting a wetter 
future Arctic (McCrystall et al., 2021; Cai et al., 2024). However, 
warmer air temperatures also increase evapotranspiration, and 
some Arctic regions may experience water deficits (Zhang et al., 
2021). Such changes to the water balance could lead to regional 
increases (positive water balance) or decreases (negative water 
balance) in lake area. 

Increasing temperatures and precipitation are also likely to 
accelerate permafrost thaw, leading to net lake-area decreases. 
For example, increasing air temperatures and rain can increase 
soil temperature and thaw depth (in the case of rain, this occurs 

when the rain is warmer than the soil) (Iijima et al., 2010; Natali 
et al., 2011; Douglas et al., 2020), which destabilizes permafrost 
and accelerates thermal erosion (Kokelj et al., 2015; Christensen 
et al., 2021). Additionally, extreme heat and precipitation events 
can cause lake-adjacent slope failure, which results in mass 
wasting and lake infilling (Kokelj et al., 2015; Lewkowicz and 
Way, 2019). Lastly, precipitation increases may cause high lake 
levels, which can lead to lake overtopping and new drainage 
channel formation (Mackay, 1988; Jones and Arp, 2015; Nitze 
et al., 2020). With climate change, Arctic air temperatures and 
precipitation are expected to continue increasing (Bintanja and 
Selten, 2014; McCrystall et al., 2021), suggesting that the Arctic 
is on a trajectory toward continued surface water declines.

Models did not project net lake area decline until the mid-
21st to 22nd centuries (Van Huissteden et al., 2011; Turetsky 
et al., 2020), but remote sensing-based studies report that 
declining lake area is prevalent across the Arctic (Webb and 
Liljedahl, 2023). This indicates that current models do not 
adequately represent the processes controlling Arctic lake-
area change. Integration of both landscape characteristics (e.g., 
ground-ice content) and climate variables (i.e., temperature and 
precipitation) into existing models will improve the ability to 
project future changes in lake area.

6.5.3 Knowledge gaps and recommendations

Time series analysis of remote sensing images is the primary 
tool for analyzing multi-decadal changes in surface water area. 
However, limitations inherent to these data sources such as the 
availability of historical imagery, the availability of cloud-free 
repeat imagery, and the difficulty of using coarse resolution 
imagery to track changes that occur on the meter scale means 
that uncertainty remains about the net direction of lake area 
change. In addition, studies observing decadal-scale changes in 
lake area are not evenly distributed across the Arctic, with large 
regions such as the Canadian shield and the Russian Far East 
understudied in comparison to better-studied regions such as 
Alaska and the West Siberian Lowlands (see Figure 6.9) (Webb 
and Liljedahl, 2023). Given that lake distribution and storage 
dynamics vary depending on the underlying geology and local 
changes in climate, such uneven geographical distribution of 
existing studies could bias current understanding, and further 
research in these understudied regions is needed to fully 
characterize lake area dynamics at the pan-Arctic scale.

6.6 River ice
	• Ice-cover duration on rivers has declined significantly in 

cold regions over the past several decades due to later freeze-
up and earlier breakup. The observed decline in river ice is 
likely to continue in the future due to the projected increase 
in air temperature.

	• Maximum river ice thickness has decreased significantly on 
most pan-Arctic rivers over the past 50 to 60 years, with the 
greatest decrease observed before 2000.

River ice forms on more than half of Earth’s rivers (Yang X. 
et al., 2020), and it is estimated that river ice periodically 
occupies an area of around 120,000 km2 and a volume of up 
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to 140 km3 (Brooks et al., 2013). At high latitudes, small and even 
medium-sized rivers can freeze to the bottom (Shiklomanov 
and Lammers, 2014). Ice conditions can have strong impacts on 
the physical environment of rivers, affecting light, oxygenation, 
temperature, and mixing, and strongly influencing sediment 
transport and bank erosion (Fukś, 2023). As such, river ice can 
have both direct and indirect effects on the flora, fauna, and 
water quality of freshwater systems in cold regions. River ice is 
also widely used by people for winter transportation and fishing, 
and a reduction in river ice could negatively impact these human 
activities. At the same time, the probability of ice-jam floods is 
expected to decrease with thinner river ice and this could be 
beneficial for many communities (Rokaya et al., 2022).

6.6.1 Observed changes and key drivers

The impact of climate change on ice cover is due to the natural 
relationship between heat fluxes and water temperature. The 
annual variation in air temperature is one of the primary factors 
affecting heat exchange conditions at the boundaries between 
water, ice, and the atmosphere, and consequently the heat 
balance of the water surface and ice formation (Shen, 2016). 
The discharge regime during winter is also strongly related 
to river-ice conditions (Yang et al., 2021). Winter streamflow 
has significantly increased in most regions of the pan-Arctic 
drainage basin (see Section 6.4). This increase could be partly 
explained by changes in river ice condition because a shorter 
ice-cover period and thinner ice enhance the exchange between 
ground and surface water, leading to higher runoff rates (Yang 
et al., 2021). Besides the higher flow velocity and stronger 
turbulence associated with the higher winter discharge, it may 
also promote later and thinner ice formation.

6.6.1.1 Ice phenology

Ice-cover duration on rivers has declined significantly in cold 
regions over the past several decades (Newton and Mullan, 
2021; Yang et al., 2021; Fukś, 2023). Later freeze-up and earlier 
breakup have been reported for many pan-Arctic rivers based 
on in-situ observations (Shiklomanov and Lammers, 2014; 
Vuglinsky and Valatin, 2018; Yang et al., 2021), Indigenous 
knowledge (Knopp et al., 2022), remote sensing (Yang X. 
et al., 2020; Zakharova et al., 2021; Podkowa et al., 2023), and 
modeling (Park et al., 2016). Fukś (2023) and Burrell et al. 
(2023) summarized observed changes in river-ice phenology. 
Later freeze-up dates in the range of 0.2–5.7 days/decade 
have been found across most of the Eurasian Arctic rivers 
(Obyazov and Smakhtin, 2014; Shiklomanov and Lammers, 
2014; Agafonova and Vasilenko, 2020; Yang et al., 2021). The 
observed rate of delay in ice formation in North America 
(western Canada, Mackenzie, and Yukon basins) is between 
0.6 and 5 days/decade (Rokaya et al., 2019; Newton and Mullan, 
2021; Yang et al., 2021). Tendencies to earlier breakup dates 
have been recorded for many Arctic rivers (Burrell et al., 2023). 
Chen and She (2020) explored the spatiotemporal variations 
in breakup timing across Canada over 1950–2016 and found 
significant trends toward earlier breakup in the Arctic regions, 
western mountains, and central plains. In the Eurasian Arctic, 
observed times of breakup and the end of ice conditions were 
shifting to earlier dates at a rate of up to 2.8 days/decade 

(Obyazov and Smakhtin, 2014; Shiklomanov and Lammers, 
2014; Sharma et al., 2016; Podkowa et al., 2023). Due to changes 
in freeze-up and breakup dates, ice-cover duration on most 
Arctic rivers has decreased significantly (Burrell et al., 2023; 
Fukś, 2023). This trend has been recorded since the beginning 
of the 20th century and has intensified since the beginning of 
the 21st century (Newton and Mullan, 2021). The decline in 
ice-cover duration has ranged from <1 day/decade to as many 
as 12 days/decade since 2000 in the southern regions of the pan-
Arctic drainage basin (Cooley and Pavelsky, 2016; Vuglinsky 
and Valatin, 2018; Chen and She, 2020; Zakharova et al., 2021). 
Agafonova and Vasilenko (2020) analyzed changes in duration 
of ice cover for 100 Russian Arctic river gauges and found some 
common spatial patterns. The most significant decline (up to 
12 days) was observed in the European part and decreased 
eastward to 2–3 days in eastern Siberia. The table in Figure 6.10 
shows long-term changes in the start/end of ice phenomena 
and their duration for six large Eurasian Arctic rivers over the 
period 1955–2023. All rivers experienced a significant decline 
in the duration of ice cover, ranging from 10 days (Kolyma) 
to 19 days (Ob).

6.6.1.2 Ice thickness

Ice thickness measurements are usually made manually, and 
considerably fewer long-term datasets are available for ice 
thickness than for ice phenology, especially for the North 
American Arctic (Fukś, 2023). Decreasing ice thickness has 
been recorded on the Peace River (Beltaos and Bonsal, 2021), 
and lower Mackenzie and Back rivers (AMAP, 2021). At the 
same time, an increasing trend in ice thickness was observed 
on the upper Yukon River (Imrit et al., 2022). Across Alaska, 

River Change in river-ice phenology between 1955 and 2023

Start of ice 
events, days

End of ice 
events, days

Duration of ice 
events, days

Severnaya Dvina 8.8 -8.0 -16.8

Ob 13.2 -5.3 -19.1

Yenisey 4.8 -7.2 -11.4

Lena 5.9 -5.5 -11.5

Yana 8.0 -3.0 -11.2

Kolyma 7.9 -3.0 -10.5

Kolyma at 
Srednekolymsk

Yana at Yubileinaya

Lena at Kusur

Yenisey at Igarka

Ob at Salekhard

Severnaya Dvina 
at Ust Pinega

River gauge

Figure 6.10 Location of Eurasian river gauges used for river-ice analysis 
(see map) and changes in river ice phenology for downstream sites on 
some large Eurasian Arctic rivers over the period 1955–2023 estimated 
from linear trends (see table). Significant trends (p<0.05) are shown in 
bold. Source: updated from AMAP (2021).
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maximum river-ice thickness (MRIT) has declined significantly 
(Arp et al., 2020a; Yang and Zhang, 2022). Figure 6.11 
demonstrates average changes in seasonal river-ice thickness 
over 1961–2015, based on data from 15 sites (Yang and Zhang, 
2022). A significant decrease in river-ice thickness was found 
each month from October to March, although most changes 
were observed before 1990. Arctic Indigenous Peoples have 
also documented localized observations of decreasing ice 
thickness across North America (Knopp et al., 2022). Yang and 
Zhang (2022) analyzed the contributions of primary climatic 
drivers to changes in river ice and concluded that an increase 
in air temperature was the primary cause of MRIT decrease 
across Alaska, with a relative contribution of about 74%, while 
increasing snowfall enhanced MRIT decline with a relative 
contribution of 26%. It should be noted that the authors ignored 
the potential hydrological drivers of changes in MRIT, such 
as higher winter river flow and the corresponding increase in 
velocity and turbulence of the flow (see Section 6.4).

More data are available for the Eurasian Arctic because regular ice 
thickness measurements are included in the standard observation 
program of Russian hydrometric gauges. Declining trends in 
river-ice thickness were recorded on most Siberian rivers over 
1980–2014, with an average decrease of 3.5 cm/decade in western 
Siberia and 3.6 cm/decade in eastern Siberia (Vuglinsky, 2017; 
Vuglinsky and Valatin, 2018; Zakharova et al., 2021). Maximum 
river-ice thickness has decreased significantly at downstream sites 

of the large Russian Arctic rivers (see Figure 6.12). However, it 
should be noted that the greatest decrease in MRIT was observed 
before 2000, and during the past two decades, ice thickness has 
stabilized on most Eurasian rivers similar to the situation in 
Alaska (Yang and Zhang, 2022).

6.6.2 Projected changes and key drivers

The observed decline in river ice is likely to continue in the 
future due to the projected increase in air temperature. Yang 
X. et al. (2020) used an observationally calibrated model, 
based on temperature and season, and applied it to future 
climate projections. They estimated that river-ice duration 
under RCP4.5 and RCP8.5 would decline on average by 7.3 
and 16.7 days, respectively, by 2080–2100. The projection was 
based on the assumption that river ice is likely to continue to 
decline linearly at a rate of 6.1 days per 1°C increase in global 
mean surface-air temperature (Yang X. et al., 2020). Agafonova 
et al. (2017) estimated future changes in river-ice duration 
for Russian rivers using the RCP8.5 scenario and empirical 
relationships with air temperature. A significant decline in the 
duration of the ice cover was projected for the Eurasian Arctic, 
ranging from 20 days in the central part of the Lena River basin 
to 90 days in the north of European Russia and western Siberia. 
Such discrepancies in future estimates are likely to be due to 
the simplified method based on a direct relationship with air 
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Figure 6.11 Changes in river-ice thickness across Alaska based on sites with records from 1961 to 2015. The plots show mean maximum river-ice thickness 
and seasonal river-ice thickness for October through April (* p < 0.05). Source: Yang and Zhang (2022).
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temperature. In this case, rivers in the temperate zone with 
an annual mean temperature close to zero will show the most 
substantial changes in river-ice phenology. More robust model-
based methods are needed for reliable future projections. 

Mean maximum river-ice thickness is projected to decrease by 
10–50 cm by mid-century, with a more pronounced decrease 
in the eastern Canadian High Arctic. For the lower Peace 
River in northern Alberta, Canada, Beltaos and Bonsal (2021) 
projected a thickness reduction of ~0.2 m between the 1980s 
and 2050s, and by an additional ~0.1 m by the 2080s under 
the RCP8.5 scenario. Ice-thickness reduction in rivers of the 
Russian Arctic is projected to be in the range of 20–50 cm by 
the end of the 21st century under RCP8.5, with the greatest 
values in the northern regions of Siberia and the Russian Far 
East (Agafonova et al., 2017). 

6.6.3 Knowledge gaps and recommendations

River ice is an important component of the cryosphere and its 
changes impact numerous biophysical processes and various 
human activities. Thus, reliable data for river ice timing and 
thickness are very important to quantify and understand the 
river ice response to global climate change. Recent development 
of new datasets based on remote sensing (de Rham et al., 2020; 
Yang X. et al., 2020) provide information for comprehensive 
analysis of river-ice phenology. The data for river-ice thickness 
are still very limited, especially for the North American Arctic. 
A few databases are available for Russian river-ice thickness 
(e.g., Data refs 6.3 and 6.4) but these need updating to include 
more recent information. Great prospects lie in using new 
algorithms for retrieval of ice thickness information from 
satellite altimetry (Zakharova et al., 2021). Most hydrological 
models ignore river-ice processes although they are very 
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Figure 6.12 Maximum winter ice thickness for downstream gauges on large Eurasian rivers flowing to the Arctic Ocean. The linear trend is shown as a 
dashed line. Source: updated from Shiklomanov and Lammers (2014).
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important for simulating river flow in cold regions. There is thus 
a need to enhance the global hydrological models with modules 
for simulating water temperature and river-ice dynamics. This 
will allow better understanding of present and future changes 
in river ice across cold regions of the planet.

6.7 Lake ice
	• Lakes are rapidly losing ice across the Northern Hemisphere, 

with later ice-on dates, earlier ice-off dates, and in some 
years, some lakes not freezing at all.

	• Lake ice loss is forecast to continue to decline in the future 
under scenarios of climate change.

Arctic Indigenous Peoples, and other Arctic inhabitants, have 
relied on lake ice for centuries because of its importance for 
refrigeration, transportation, recreation, food acquisition, 
spirituality, and social connections (Magnuson and Lathrop, 
2014; Knoll et al., 2019). Lake ice responds rapidly to regional 
and large-scale climatic factors and can be considered a 
sentinel of climate change (Adrian et al., 2009; Magnuson 
et al., 2000). Lake-ice phenology (the timing of lake ice-on 
and ice-off) requires freezing temperatures (consistent air 
temperatures below 0°C) to form and maintain the presence 
of ice on the lake surface, integrating air temperatures from 
autumn through spring (Brown and Duguay, 2010). Long-
term records of ice phenology reflect how the climate has 
changed, with some of these records extending back long 
before the advent of meteorological stations (Sharma et al., 
2016). Early observations of ice phenology were recorded by 
citizen scientists and environmental monitoring networks 
(Sharma et al., 2022), and the combination of these in-situ 
records with newer approaches has enabled global records of 
ice phenology through remote sensing by satellites and process-
based modeling (Sharma et al., 2020b). 

6.7.1 Observed changes and key drivers

Because lake-ice records have existed for hundreds of years in 
some cases, these records make it clear that lake-ice phenology 
is changing (Magnuson et al., 2000; Benson et al., 2012). The 
culmination of lake ice studies points towards later ice-on and 
earlier ice-off, with the overall effect of diminishing winter ice 
cover on lakes in the Northern Hemisphere. Recent global 
process-based modeling studies indicate that ice duration 
declined by six days per decade during 1980–2010 (Huang 
et al., 2022) and by nine days of ice cover during 1981–2019 
(Grant et al., 2021), whereas a remote sensing and modeling 
study for 30,063 lakes suggested that on average lakes lost a total 
of four days of cover in the 20th century (Wang et al., 2022). 
More specifically, in the Arctic, remote sensing observations 
for over 13,000 lakes reported by Šmejkalová et al. (2016) 
found that ice breakup began and ended earlier across 14 
years (2000–2013) of observations. In northern Europe, ice-off 
occurred 5.2 days/decade earlier. In northeast Canada, ice-off 
occurred 9.2 days/decade earlier. In the Alaskan Arctic, ice-
off occurred 8.7 days/decade earlier. In central Siberia, ice-off 
occurred 11 days/decade earlier. Finally, in northeast Siberia, 
ice-off occurred 9.2 days/decade earlier (Šmejkalová et al., 
2016). Moreover, in-situ observations from 60 lakes with 107 

to 204 years of data scattered across the Northern Hemisphere 
suggested that ice-on was delayed by 11 days/century, while 
ice-off was earlier by 6.8 days/century, and ice duration 17 days 
shorter/century (Sharma et al., 2021). It is notable that these 
lakes have lost ice particularly quickly in the past 25 years, such 
that ice loss was six times faster than the long-term trend at 
a rate of 106 days/century (Sharma et al., 2021). Plus, 14,800 
lakes that had reliably frozen over for centuries are now even 
experiencing intermittent ice cover (i.e., ice-free winters) 
(Sharma et al., 2019) and 179 have lost ice cover completely 
(Sharma et al., 2021). Changes in the timing of ice-on and ice-
off have also been documented by Indigenous Peoples, where 
later freeze-up and earlier breakup were observed across much 
of the Arctic (Knopp et al., 2022).

Warming air temperatures are the overwhelming driver of 
lake-ice loss (e.g., Palecki and Barry, 1986; Vavrus et al., 1996; 
Higgins et al., 2021; Imrit and Sharma, 2021). Increasing air 
temperatures preceding and throughout the ice-cover period 
delay ice formation, enhance ice breakup, and reduce ice 
thickness. Higher air and water temperatures during autumn 
limit evaporative heat loss, that is, increasing lake heat budgets 
delay the 0°C isotherm, which plays an essential role in ice 
formation and ice growth (e.g., Duguay et al., 2006; Brown 
and Duguay, 2010 for a review; Shuter et al., 2013). Another 
primary driver of ice cover is solar radiation, which can inhibit 
ice formation and increase melt rates throughout the ice column 
(Leppäranta et al., 2010). Solar radiation enhances under-ice 
convection, causing warmer underlying water to interact with 
the ice cover, further enhancing melt (Kirillin et al., 2012; 
Bertilsson et al., 2013; Yang B. et al., 2020). 

These primary drivers interact with secondary drivers, 
including precipitation, wind, and large-scale climate 
oscillations. Precipitation as snow during the winter 
enhances albedo and contributes to ice-cover insulation, 
which contributes to prolonged ice cover and ice growth 
into the spring melt season (Preston et al., 2016; Smits et al., 
2020). However, precipitation as rain during the ice-cover 
period can cause early melt by adding liquid water to the ice 
surface (Bartosiewicz et al., 2021). Similar can be observed 
with meltwater from glaciers (Kirchner et al., 2024). Wind 
action during ice formation and ice breakup accelerates ice 
loss. During the ice-on period, wind breaks initial skim ice, 
limiting the growth of congelation ice and thereby stable ice 
cover (Bartosiewicz et al., 2021). During spring, enhanced 
winds can mechanically break the ice cover and so enable the 
upwelling of warmer waters, further enhancing ice breakup 
(Williams, 1965; Brown and Duguay, 2010). A suite of large-
scale climate drivers acting at multi-annual and multi-decadal 
scales are often associated with ice cover, although they do not 
explain nearly as much variation as weather variables (Sharma 
et al., 2013; Imrit and Sharma, 2021). Shifts in the Quasi-
Biennial Oscillations, El Niño Southern Oscillation, North 
Atlantic Oscillation, Arctic Oscillation, and solar sunspot 
cycles have all been associated with changes in ice cover 
(Ghanbari et al., 2009; Lopez et al., 2019; Livingstone, 2000; 
Imrit and Sharma, 2021). These secondary drivers can be 
enhanced or mediated by local-scale landscape characteristics, 
such as topographic aspect, surface area, and mean depth 
(Sharma et al., 2020b; Higgins et al., 2021). 
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6.7.2 Projected changes and key drivers

The rate of lake-ice loss is projected to accelerate in the future 
under scenarios of climate change, attributed to anthropogenic 
activity (Grant et al., 2021). However, the projections vary 
across studies and methodologies. For example, based on the 
CESM2 model, across the Northern Hemisphere ice duration 
is projected to decrease by 8.9 days for a 1°C increase in 
local warming (Huang et al., 2022). Using a combination 
of observations from the ERA5 model and forecasts using 
simulations with five lake models and four global climate 
models, ice duration is projected to decline by 46 days on 
average by 2100 under the RCP8.5 scenario, although varying 
between 28 and 80 days (Grant et al., 2021). Based on remote 
sensing of over 30,000 northern hemisphere lakes, Wang et al. 
(2022) concluded that ice duration could decline by 17.9 days 
(RCP2.6), 33.1 days (RCP6.0), or 49.9 days (RCP8.5) by the end 
of the century depending on the scenario used (Wang et al., 
2022). Similarly, Sharma et al. (2019) projected that intermittent 
ice cover (i.e., ice-free winters) could occur on 27,000 to 
48,000 lakes (RCP2.6) or 41,000 to 90,000 lakes (RCP6.0) 
by the end of the century depending on the scenario used 
(Sharma et al., 2019; Figure 6.13). In the most extreme case, 
179 lakes (RCP2.6), 429 lakes (RCP6.0) or 5679 lakes (RCP8.5) 
could become permanently ice free by 2100 depending on the 
scenario used (Sharma et al., 2021).

6.7.3 Knowledge gaps and recommendations

Despite the importance of lake ice, knowledge gaps remain. For 
example, very few studies record ice thickness or ice quality 
(e.g., Imrit et al., 2022; Li X. et al., 2022; Weyhenmeyer et al., 
2022), observe lake-ice conditions in more remote or alpine 
regions (Christensen et al., 2021; Kirchner et al., 2021, 2024), 
or account for the apparent increase in freeze-thaw events in 
the seasonal ice cycle. Establishing the linkages between lake ice 
and other cryospheric elements, such as snow, permafrost, and 
glaciers, would improve understanding of how climate change is 
affecting the cryosphere globally (O’Neill et al., 2020; Dauginis 
and Brown, 2021; Robinson et al., 2021; Saros et al., 2023). 
There are many research opportunities for interdisciplinary 
collaboration; for example, further identifying the connection 
between snow and lake ice because snow cover can influence 
the evolution of lake-ice formation, rate of ice thaw, ice 
quality, and albedo (Brown and Duguay, 2010). Another area 
of interest is to explore the linkages between lake ice and 
permafrost because thermokarst lakes that no longer freeze 
to the bottom are vulnerable to the formation of taliks below 
them (O’Neill et al., 2020). The increased interest in winter 
processes (Hampton et al., 2017), implementation of new 
methodologies and tools, and collaboration across disciplines 
will be instrumental in filling these knowledge gaps (Sharma 
et al., 2020b) as understanding of lake-ice dynamics and the 
role of lake ice within the broader cryosphere and climate 
change expands.

Annual winter ice

+2.0°CIntermittent winter ice Current +3.2°C +4.5°C +8.0°C

Pan-Arctic drainage basin Too few observations to allow projections

Figure 6.13 Spatial distribution of current and future northern hemisphere lakes that could experience intermittent winter ice cover (i.e., ice-free winters) 
with climate warming. Projections were generated by applying the classification tree model to the global HydroLAKES database (Duguay et al., 2006) 
(lakes larger than 10 ha) and limited to the south by 1970–2010 mean winter temperatures below -0.4°C. Projections north of 60°N in North America 
and Asia could not be achieved owing to a paucity of ice-cover observations (see hatched region). Intermittent winter-ice cover projections were based 
on current conditions and established air temperature projections of +2.0°C, +3.2°C, +4.5°C and +8.0°C. Source: Sharma et al. (2019).
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6.8 �Freshwater contributions from 
land ice

	• The reduction of glaciers and ice caps and Greenland Ice Sheet 
mass loss are increasing the freshwater flux into the ocean.

	• A further increase in freshwater flux from land ice reduction 
is likely to continue with the projected future increase in 
Arctic warming.

This section focuses on changes in the freshwater flux from 
glacial runoff from the largest land ice bodies in the Arctic. The 
growing mass deficit of Arctic land ice is contributing to an 
elevated freshwater flux into the Arctic environment, especially 
the marine sector. One potential impact is disruption of the 
Atlantic Meridional Overturning Circulation (AMOC) that 
influences northern hemisphere climate via extremes over 
Europe (Buchan et al., 2014), the North American Arctic (Yin 
and Zhao, 2021), and with long-theorized ties with global 
climate (e.g., Rahmstorf, 2002; IPCC, 2021). And while AMOC 
stability could already be threatened by Greenland deglaciation 
(Devilliers et al., 2021; Swingedouw et al., 2022; Ditlevsen and 
Ditlevsen, 2023; Martin and Biastoch, 2023), it remains unclear 
whether AMOC shutdown is likely to become a reality and 
whether meltwater from Greenland would be sufficient to 
disrupt the AMOC. See also Chapter 8.

6.8.1 Observed changes and key drivers

The magnitude of freshwater delivery from the Arctic land-ice 
area shown in Figure 6.14 (626±164 km3/y) is roughly 
equivalent to that from North American river discharge 
(502±45 km3/y). Eurasian river discharge is roughly three times 
higher (1884±144 km3/y). The increase in Arctic river discharge 
was 1.6 times smaller than the increase in net freshwater flux 
from Arctic land ice. The freshwater flux increase from land ice 
reduction between 1971 and 2022 totals 402 km3/y. The increase 
from these Arctic rivers was 257 km3/y relative to an average 
river discharge of 2407±148 km3/y (see Chapter 2). Most of the 
increased land-ice freshwater discharge has originated from 
Greenland and Arctic Canada and thus discharges into Baffin 
Bay and the North Atlantic Ocean, rather than the Arctic Ocean. 

The surface waters downstream of glacierized regions 
contain significantly more macronutrients (nitrogen, silica, 
phosphorus) and micronutrients (iron, manganese) than their 
non-glacierized counterparts (Bhatia et al., 2021). Given that 
land-ice reduction has already increased and is expected to 
increase further with continued warming (Rounce et al., 2023), 
the impacts of land-ice loss on marine ecosystems are expected 
to further increase.
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Figure 6.14 Multi-regional Arctic land-ice freshwater contribution into surrounding seas from the atmospheric reanalysis-driven Modèle Atmosphérique 
Régional (MAR) version 3.12.1 (Antwerpen et al., 2022). Note the logarithmic vertical axis. The percentage changes are the trend slope (dashed line) 
multiplied by the number of years and divided by the average. Source: Data ref. 6.5.
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6.8.2 Projected changes and key drivers

Using CMIP6 climate projections to 2100, Edwards et al. 
(2021) concluded that Arctic glacier mass loss increases 
linearly with global mean surface air temperature, with 
respective 2100 sea-level contributions of approximately 
11 cm (26 cm) at a global warming of 2°C (4°C), equivalent 
to a net freshwater influx of 40,000 km3 (94,000 km3). The 
Glacier Model Intercomparison Project (Hock et al., 2019) 
found future Arctic land-ice loss (excluding the inland 
Greenland Ice Sheet) to be the leading source of global sea-
level rise. The results indicate an acceleration of ice loss with 
time, consistent with results found by van Pelt et al. (2021) 
for Svalbard.

For the high greenhouse gas emissions scenario SSP5-8.5, the 
IPCC AR6 Greenland Ice Sheet model projections (Goelzer 
et al., 2020; Edwards et al., 2021) suggest a +13.0 cm (likely 
range 9–18 cm) sea-level rise (SLR) contribution by 2100 
for the Greenland Ice Sheet only. Under a Paris Climate 
Agreement-like future scenario (SSP2-4.5), the SLR projection 
is 62% of the high emission amount: 8.0 cm (likely range 
4–14 cm). The projections appear roughly linear until mid-
century, after which the SSP2-4.5 and SSP5-8.5 scenarios 
increasingly diverge.

6.8.3 Knowledge gaps and recommendations

Key knowledge gaps for Arctic land ice (including the Greenland 
Ice Sheet) include observed physical processes that are not fully 
incorporated by ice sheet models. These include: (a) tidewater 
glacier acceleration and destabilization by submarine melting 
(Truffer and Fahnestock, 2007; Khazendar et al., 2019; Wood 
et al., 2021; Holmes et al., 2024); (b) that observed destabilizing 
effects operate faster than in conventional modeling (Schulz 
et al., 2022), including loss of the buttressing effect from ice-
shelves (Mouginot et al., 2015), accelerating inland motion from 
increased melt and rainfall (Doyle et al., 2015); (c) enhanced 
basal thawing due to hydraulically-released latent heat and 
viscous warming (Phillips et al., 2010); (d) amplified surface 
runoff due to bio-albedo darkening (Stibal et al., 2017); and 
(e) increased meltwater runoff decreasing the permeability 
of multi-year snow, also known as firn layers (MacFerrin 
et al., 2019). 

While these effects may be partly covered by the empirically-
derived retreat parameterization for marine-terminating 
outlet glaciers applied in the projections by the Ice Sheet 
Model Intercomparison Project (ISMIP6) for CMIP6 (Slater 
et al., 2019, 2020; Goelzer et al., 2020), there is an urgent need 
for model improvements to incorporate physically-based 
representations of those processes.

Ice-sheet modeling is further challenged by coarse coupling to 
atmospheric and oceanic boundaries (Pattyn et al., 2018; Hanna 
et al., 2024). Finer resolution ocean circulation modeling would 
enable more realistic heat delivery to fjord glaciers from large-
scale ocean currents and the exchange of freshwater fluxes from 
beneath tidewater glaciers (e.g., Siegert et al., 2020; Prakash 
et al., 2022).

6.9 �Impacts of hydrological change on 
ecosystems and Arctic livelihoods

A changing hydrological system is expected to have various 
effects on ecosystems and northern communities, including 
Indigenous Peoples. Snow changes, for example, have 
numerous impacts on Arctic ecosystems. Snow pack affects 
the start and end of the growing season, plant phenology and 
growth, community composition, plant access to moisture and 
nutrients, soil biogeochemistry, and trophic interactions (Rixen 
et al., 2022). Particularly important snow processes include 
the frequency and intensity of freezing events, freeze-thaw 
cycles, and rain-on-snow events (Walsh et al., 2020; Rixen 
et al., 2022). Many of the impacts on ecosystems are further 
reflected as impacts on Arctic Indigenous Peoples, and other 
Arctic inhabitants (e.g., Forbes et al. 2016; Ocobock et al., 2022; 
Rosqvist et al., 2022). Other impacts on Arctic Indigenous 
Peoples, and other Arctic inhabitants, include issues concerning 
freshwater availability (Bring et al., 2016; Thackeray et al., 2019), 
hydropower production, avalanches (Hancock et al., 2018), 
transportation, and reindeer herding (Forbes et al., 2016; Eira 
et al., 2018; Jaakkola et al., 2018; Markkula et al., 2019; Gagnon 
et al., 2020; Johnsen et al., 2023). For example, Indigenous Sámi 
reindeer herding communities in Sweden have been forced 
to undertake earlier spring moves due to shorter snow-cover 
duration (Löf, 2013).

Research has been motivated not only by a need to improve 
understanding of the sensitivity of natural ecosystems to climate 
change, but also from the perspective of natural resources, 
including safety of drinking water and infrastructure. Drivers of 
changes in streamflow, such as increased winter streamflow and 
decreased flow in headwater streams, set the basic conditions for 
life in riverine ecosystems, on which many Arctic Indigenous 
Peoples, and other Arctic inhabitants, depend (e.g., freshwater 
fish). Changing permafrost hydrology also drives changes in 
streamwater quality, including temperature and chemistry. 
This was highlighted in a study by Spence et al. (2020), who 
developed a Canadian Water Vulnerability Index to Permafrost 
Thaw. They identified stressors related to permafrost that 
can influence water budgets and chemistry, and their results 
imply that the western Northwest Territories and Hudson 
Bay Lowlands are the most vulnerable to permafrost thaw. 
Permafrost thaw can also open new flow paths for contaminant 
transport (e.g., McKenzie at al., 2021), as well as lead to changes 
in water availability for Arctic vegetation (e.g., Jin et al., 2021; 
Koch et al., 2022). 

An increase in river discharge into the Arctic Ocean will lead 
to stronger ocean stratification, warmer subsurface water 
(Nummelin et al., 2016) and the potential for a weakening of the 
Atlantic Meridional Overturning Circulation (Shu et al., 2017), 
with adverse consequences for heat balance and climate in the 
Northern Hemisphere (Peterson et al., 2006). River flow acts 
as a nutrient supplier in estuarine and nearshore ecosystems 
and any increase would have a positive impact on biological 
production (Carmack et al., 2016; McMahon et al., 2021). 
Changes in seasonal runoff may have both positive and negative 
impacts on human activity and local ecosystems. More uniform 
discharge distribution throughout the year would benefit 
hydropower production, navigation, and water availability for 
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different human needs, especially during low-flow seasons. In 
contrast, more intensive snow melt and greater spring freshet 
would increase the probability of extreme floods, and increased 
discharge during the summer-autumn period would enhance 
erosion of permafrost river channels, potentially resulting in 
damage to riverside infrastructure, and a change in subsistence 
resources and subsistence harvest practices (Arp et al., 2020b).

Long-term changes in lake area would affect Indigenous 
Peoples, and other Arctic inhabitants, that rely on lakes for 
water sources and subsistence hunting and fishing, wildlife that 
depends on lakes for habitat and feeding and nesting sites, and 
industries that rely on surface water for resource extraction 
(White et al., 2007; Cott et al., 2008; Roach and Griffith, 2015; 
Medeiros et al., 2017). Long-term changes in lake area can also 
accelerate or mitigate climate feedbacks (Walter et al., 2006; 
Van Huissteden et al., 2011; Turetsky et al., 2020; Webb et al., 
2021). For example, decreased lake area increases summertime 
albedo, resulting in a negative climate feedback at the regional 
to pan-Arctic scale (Webb et al., 2021). Drained thaw lakes 
are also a net carbon sink over millennial timescales (Jones 
M.C. et al., 2012; Sturtevant and Oechel, 2013; Jones B.M. 
et al., 2022), while thaw lake initiation and expansion increase 
methane and carbon dioxide fluxes to the atmosphere (Walter 
Anthony et al., 2016, 2018; Wik et al., 2016). Thus, tracking the 
magnitude and extent of Arctic surface-water change is a crucial 
element of future planning for northern communities and for 
accurate projections of global climate feedbacks.

Losing lake ice has substantial ecological and societal 
consequences. Ecologically, this loss can contribute to increased 
under-ice chlorophyll concentrations, primary production, 
and the formation of algal blooms (Hampton et al., 2017), 
among the consequences of freshwater availability and water 
quality throughout the open-water season (Woolway et al., 
2022). Decreasing ice duration implies longer periods of 
open water, during which solar radiation and conduction 
increase lake water heat budgets (Smits et al., 2020). Increasing 
energy input to surface waters leads to enhanced and more 
stable thermoclines, which in turn both diminishes oxygen 
reaeration to bottom waters – leading to prolonged hypoxia 
in the hypolimnion of stratified lakes (Jane et al., 2021) – 
and reduces oxythermal habitat for all freshwater fishes 
(Kraemer et al., 2021). Culturally, the loss of ice may result in 
delayed or cancelled recreation tournaments, such as skating 
and ice-fishing competitions (Knoll et al., 2019); delays in 
the construction of winter ice roads, which can affect the 
transport of goods to remote northern communities (Hori 
et al., 2018; Woolway et al., 2022); and to increased winter 
drownings through less predictable ice (Sharma et al., 2020a). 
The cultures and livelihoods of Arctic Indigenous Peoples are 
particularly vulnerable to the loss of ice. For example, central 
migration routes for Sámi reindeer husbandry traverse frozen 
lakes and rivers in many areas around Sápmi (Johnsen et al., 
2023; Laptander et al., 2024). Loss of ice, thinner ice, or weaker 
ice with degraded ice quality conditions, not only presents 
drowning risks for herders and reindeer (Sharma et al., 2020a), 
but also the loss of migration routes in regions that might 
already be fragmented, suggesting that alternative migration 
routes might not be available.
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7. Arctic Ocean acidification
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7.1 Introduction

The Arctic plays a key role in climate regulation and is a 
significant sink for carbon dioxide (CO2) and a conduit 
for carbon between the atmosphere and the interior ocean 
(Volk and Hoffert, 1985). Climate change, which is driving 
ocean warming, cryosphere loss, biodiversity modifications, 
and increased ocean carbon, is modifying this role of the 
Arctic within the climate system. Increased ocean carbon is 
resulting in rapid ocean acidification; namely, a reduction 
in the pH of the ocean following increased dissolved CO2 
concentrations, which in turn modifies the speciation of the 
carbonate system. The purpose of this chapter is to provide an 
update of knowledge concerning new scientific understanding 
of Arctic Ocean acidification, observed trends in the Arctic 
seawater carbonate system, and model (CMIP6) projections 
of trends under increased warming and rising atmospheric 
CO2 concentrations.

Hunting, fishing, and harvesting in coastal and marine 
ecosystems have sustained Arctic Indigenous Peoples, 
local communities, and livelihoods since time immemorial 
(Rapinski et al., 2018; Watt-Cloutier, 2018) and this 
highlights the fundamental importance of these ecosystems 
to Indigenous health, wellbeing, and overall existence (ICC 
Alaska, 2015; Proverbs et al., 2020; Carothers et al., 2021; 
Buschman and Sudlovenick, 2023; Pörtner et al., 2023). 

Changes in the environment, such as changes in ecosystem 
structure and function, are thus of major concern for 
Arctic Indigenous coastal communities. As a result, both 
Indigenous Knowledge and Indigenous observing, supported 
by long-held Indigenous practices, have an undeniable 
place in research, monitoring, mitigation, adaptation, and 
decision-making in a changing seascape (Ford et al., 2021; 
Huntington et al., 2022; ICC Alaska, 2022; Yua et al., 2022; 
Hauser et al., 2023). 

The effects of ocean acidification on marine organisms are 
of particular concern to Arctic Indigenous coastal residents 
who are at the frontline of climate change (Buschman and 
Hauri, 2022). As hunters, fishers, and harvesters in this 
rapidly changing environment, Indigenous Peoples are ideally 
positioned to contribute to the understanding of climate 
change impacts, including ocean acidification, on coastal 
ecosystems (see Box 7.1). Research and monitoring activities 
that are in line with community-identified and -driven 
priorities have the highest chance of achieving co-produced 
outcomes between Indigenous and academic knowledge 
systems (Fox et al., 2020; Eicken et al., 2021; Hauser et al., 
2021, 2023). In terms of ocean acidification, Indigenous 
Peoples can help identify environmental changes, drivers, 
cumulative effects, and their consequences on the coastal 
and marine environment. The effects of ocean acidification 
are far reaching, with implications for changes in ecosystem 

Key findings
	• The Arctic Ocean is continuing to acidify and is already 

witnessing environments that are deleterious to marine life, 
negatively impacting the activities, wellbeing, and rights of 
Arctic Indigenous Peoples.

	• Globally, the greatest declines in pH continue to be projected 
for the Arctic Ocean and reflect impacts from surface ocean 
warming, loss of sea ice, and atmospheric CO2 uptake. 
Observations indicate that acidification in the Arctic 
Ocean has occurred at a rate 3–4 times higher than in other 
ocean basins.

	• The upper 1000 m of the Arctic Ocean is projected to be 
undersaturated with respect to aragonite by 2100 for all 
emission pathways.

	• Fjord systems are currently undergoing rapid transitions 
due to the accelerated melting and retreat of glaciers. 
The freshwater input from glacial meltwaters enhances 
ocean acidification. 

	• Methane may act as an additional climate change-
driven ocean-acidification accelerator, further increasing 
uncertainties in Arctic ecosystems.

	• Owing to their high ocean acidification sensitivities, 
pteropods in the high latitudinal regions are already 
severely compromised.

	• Arctic cod (Boreogadus saida) eggs and larvae are 
vulnerable to ocean acidification. Findings highlight the 
need to determine species responses to ocean acidification 
across their entire developmental trajectory.

	• Studies indicate the importance of local adaptation 
and the need to monitor local variability in carbonate 
chemistry to evaluate the true biological response to ocean 
acidification.

	• All model projection evaluations demonstrate that emission 
reductions can drastically slow the pace at which multiple 
drivers emerge or critical thresholds will be crossed.

	• Community-based monitoring led by Arctic Indigenous 
Peoples would fill a gap in local and regional observational 
data, and can be paired with climate model downscaling to 
assist in policy decision-making. 
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function, biodiversity, and the structure of habitats, which in 
turn may challenge the population dynamics of species that 
are of critical importance to Indigenous livelihoods, health, 
and cultural practice.

Inuit are particularly dependent on the health and stability 
of the Arctic ecosystem since it supports complex food webs 
of marine-associated species, from the smallest of living 
creatures such as phytoplankton, through to crustaceans 
such as shrimp and crab, to the ecosystem’s top predators 
such as polar bears (Ursus maritimus), walrus (Odobenus 
rosmarus), beluga (Delphinapterus leucas) and bowhead 
whales (Balaena mysticetus) (ICC Alaska, 2015). Shellfish 
and fish species, such as shrimp, crab, cod, halibut, and 
salmon, support both subsistence and small-scale commercial 
fisheries. Arctic marine mammals are of great cultural and 
subsistence importance within Inuit culture, as integral food 
and spiritual components of the way of life, but also co-
stewarded and observed for impacts of changing conditions 
in the Arctic (Huntington et al., 2017; Ostertag et al., 2018; 
Breton-Honeyman et al., 2021). Ocean acidification is 
expected to affect the physiology and life history of many 
species important to Indigenous Peoples, which may lead 
to cascading or compounding effects with wide-reaching 
impacts on the Arctic food webs. Indigenous Knowledge of 
these species, ecosystems, and biogeophysical dimensions 
of the environment is a critical source of information for 
environmental and biodiversity research, management, and 
policy, and can lead to novel and unexpected insights as 
well as to helping promote Indigenous self-determination 
and sovereignty when equitably included alongside Western 
science (Wheeler et al., 2020; Reid et al., 2021; ICC, 2022; Yua 
et al., 2022). Inuit, as well as other Arctic Indigenous Peoples, 

have intrinsic rights to the hunting, fishing, and harvesting 
of Arctic species, and are an especially important contributor 
to efforts to understand, mitigate, and adapt to the climate-
driven changes taking place within the Arctic (Buschman 
and Sudlovenick, 2023).

7.2 �Ecosystem hotspots 
and species response

7.2.1 �Biological consequences 
of ocean acidification 

Ocean acidification is a perturbation of the seawater carbonate 
system leading to multiple stressors for many marine organisms. 
All the parameters of the carbonate system, such as pH, and 
the concentrations of CO2, and bicarbonate (HCO3

-) and 
carbonate (CO3

2-) ions, have the potential to affect physiological 
processes, while a change in saturation state (Ω) for calcium 
carbonate (CaCO3) can lead to the dissolution of unprotected 
calcified structures. Some organisms may benefit from these 
changes (e.g., through enhanced photosynthesis); however, 
many marine species will experience adverse impacts, including 
mortality and possibly even extinction (Dupont et al., 2008; 
Wittmann and Pörtner, 2013; Calosi et al., 2017, 2019; Vargas 
et al., 2017, 2022). Marine calcifiers, organisms using CaCO3 to 
build shells or skeletons, were identified early on as particularly 
at risk under ocean acidification. The reasoning was that the 
associated changes in the seawater carbonate system would lead, 
in extreme cases, to water corrosive for CaCO3 structures (i.e., 
when Ω drops below 1) and to decreased availability of CO3

2- 
for the calcification process. However, most marine calcifiers 

Box 7.1 AAOKH: An observing network

The Alaska Arctic Observatory and Knowledge Hub (AAOKH) works with a network of observers in Arctic Alaska to document 
long-term environmental observations. Daily to weekly observations are sent in throughout the year. Observations include 
weather, ocean/sea-ice conditions, wildlife and community activities. Observations from the AAOKH network communicate local 
perspectives of change rooted in Indigenous worldview and deep connection to place. These observations and insights can inform 
local to regional decision-making and strengthen Western scientific models to be more relevant to coastal Arctic communities. 

Qikiqtaġruk (Kotzebue) is a hub community located in northwest Alaska. The community relies heavily on river and sea ice 
for travel and subsistence hunting. Bobby Schaeffer is one of the observers in Qikiqtaġruk.

“I think everything we are reporting in our observations has Global Warming [i.e. climate change] implications. The 
environment is changing and we are witness to these changes…. Reporting these events [via the community-based 
observing project Alaska Arctic Observatory & Knowledge Hub] from year to year gives me an avenue to compare where 
global warming is going up here in the Arctic. The changes are happening at a more rapid pace. Not only are these changes 
happening to the Arctic environment, they are affecting our subsistence resources huge. I feel that the changes will continue 
to accelerate and recording these changes will present a pattern we can use to plan for the future. How will these changes 
affect food security? How is ocean acidification affecting our sea mammals, seabirds, and fish that are the most important 
subsistence resource to the Inuit? What is the expected level of ocean acidification in the near future given known carbon 
emissions worldwide?” Bobby Schaeffer (Hauser et al., 2023) 

“You know we’re ocean people; we’ve always thrived on the whale and the seal for thousands of years. Of course it’s changing, 
but in the long term I worry about the water because if it continues to warm, life in the water will cease to exist” Bobby 
Schaeffer (Glenn, 2023) 

“If carbon dioxide is being absorbed in the waters in white fish [i.e. a key subsistence species in Qikiqtaġruk] habitat, 
what is it doing to the white fish food chain when a bulk of their food is fresh water miniature snails and shrimp-like 
crustaceans?” Bobby Schaeffer (Hauser et al., 2023)
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use HCO3
- or metabolic CO2 for the calcification process, both 

of which are more available under ocean acidification (Roleda 
et al., 2012; Fitzer et al., 2019). For pteropods (free-swimming 
holoplanktonic molluscs), and more specifically Limacina 
helicina, the energy costs of maintaining calcification once 
rapid dissolution occurs as conditions approach Ω values of 
1.4 (Bednaršek et al., 2019) makes them particularly sensitive 
to ocean acidification (Bednaršek et al., 2014a; Mekkes et al., 
2021). See also third quote in Box 7.1.

Crustaceans, bivalves and fish represent key elements of 
Arctic trophic cascades, and are of major importance for the 
food security of Arctic Indigenous Peoples, and other Arctic 
inhabitants. These species are also of great value to Arctic 
fisheries, which are likely to increase in significance owing 
to the ongoing poleward migration of several species under 
global warming and the progressive decline in sea ice, which 
will make some species more accessible and some types of 
fisheries possible (e.g., northern shrimp trap fishing). The 
cultural and socio-economic development of Arctic Indigenous 
Peoples, and other Arctic inhabitants, greatly depends on the 
sustainable utilization of these resources in a rapidly changing 
environment (ICC Alaska, 2015; Proverbs et al., 2020; Carothers 
et al., 2021; Buschman and Sudlovenick, 2023). Despite this, few 
studies on the impacts of ocean acidification on target species 
such as king crab, snow crab, northern shrimp and cod have 
been published since the previous AMAP assessment (AMAP, 
2018). This limits growth in understanding of its impacts on 
these species in Arctic waters, and therefore its impact on the 
structure and functioning of the ecosystems in which they live. 
A lack of studies characterizing the response of target species 
along discrete pH and pCO2 (partial pressure of CO2) gradients 
prevents the identification of species-specific thresholds (see, 
for example, Christen et al., 2013; Menu-Courey et al., 2019; 
Bednaršek et al., 2021a; Noisette et al., 2021), which would 
be useful for determining ocean acidification hotspots and 
informing stakeholder decision-making processes. Finally, 
most studies seeking to understand inter-population variation 
in sensitivity to ocean acidification along natural gradients do 
not study actual Arctic populations of the target fishery species 
(e.g., Guscelli et al., 2023a,b). Despite obvious challenges in 
working on Arctic marine organisms, this lack of information 
remains an issue and the fragmented knowledge concerning 
the impacts of ocean acidification raises major concerns for the 
ability to produce accurate predictions of risk for target species, 
ecosystem services, and Indigenous communities. 

The following sections summarize recent understanding on the 
impacts of ocean acidification on key species: northern shrimp, 
several crab species (including red king crab and snow crab) 
and Atlantic and Arctic (Polar) cod (hereafter Arctic cod).

7.2.2 Impacts on northern shrimp

Northern shrimp (Pandalus borealis) represents a major fishery 
for Arctic countries, and could become increasingly important 
in the coming decades as the progressive disappearance of sea 
ice at higher latitudes increases accessibility for fishing, and 
P. borealis continues to decline in abundance (up to fisheries 
extinction) at the southern edge of its geographical distribution. 
This decline is already observed or expected to occur in the 
near future in the Gulf of Maine, the Estuary and Gulf of 

St Lawrence, Newfoundland and Labrador waters (DFO, 2021, 
2022; Hunter et al., 2021), as well as in southern Sweden and 
Norway (Cardinale et al., 2023). 

Despite the ecological, food security and socio-economic 
importance of P. borealis, only a few studies on the effects 
of ocean acidification, either in isolation or combined with 
other global change drivers, have been published since the 
2018 AMAP assessment (i.e., Chemel et al., 2020; Guscelli et al., 
2023a,b). Those that are available suggest that (adult) female 
shrimp are tolerant to ocean acidification in isolation, unlike 
earlier life stages (see Bechmann et al., 2011; Arnberg et al., 
2013). Female shrimp survival is not compromised by ocean 
acidification (Chemel et al., 2020; Guscelli et al., 2023a), unless 
it is combined with ocean warming and hypoxia, implying that 
acidification further increases the adverse impacts of these 
other drivers. Chemel et al. (2020) showed that the nutritional 
value and organoleptic quality of female shrimp is not affected 
by ocean acidification. Although at first glance, this appears 
to contradict the results of Dupont et al. (2014), differences 
in the natural environmental conditions to which the study 
populations were exposed can explain this apparently divergent 
outcome (see discussion by Chemel et al., 2020). In addition, 
Guscelli et al. (2023a,b) highlighted the existence of population-
specific responses to ocean acidification for amino acid synthesis 
and metabolism, and standard metabolic rates, as well as the 
presence of non-linear effects of ocean acidification and ocean 
warming on amino acid synthesis and metabolism. Finally, 
although concerning ocean warming, a limited potential for 
further adaptation to ongoing global changes was suggested 
in P. borealis (Leung et al., 2023). These new studies, together 
with the existing body of information, confirm that ocean 
acidification impacts on northern shrimp are relatively limited 
in isolation. While differing across its developmental trajectory, 
ocean acidification increases shrimp sensitivity to other global 
change drivers. It is relevant to note that Arctic populations 
of P. borealis have not been studied experimentally within the 
context of global change biology, and neither have male shrimp 
(this species being a protandrous hermaphrodite), highlighting 
important gaps in current knowledge for this species.

7.2.3 Impacts on crab species

Several of the crab species that are found in subarctic and 
Arctic regions represent key elements of the food webs in 
their respective habitats and are also of great importance 
for Indigenous food security, as well as having commercial 
value (e.g., Punt et al., 2014; Snook et al., 2022). Species of 
particular commercial interest include: Kamchatka king crab 
(Paralithodes camtschaticus), blue king crab (P. platypus), snow 
crab (Chionoecetes opilio), Pacific snow crab (C. bairdi) and 
Dungeness crab (Metacarcinus magister). These species are all 
affected to some extent by ocean acidification. This is supported 
by an increasing body of evidence for a wide range of species: 
see AMAP (2018) and recent evidence by Long et al. (2019), 
Bednaršek et al. (2020), Reinhardt (2020), Stillman et al. (2020), 
Dickinson et al. (2021), McElhany et al. (2022) and Durant et al. 
(2023), with the exception of C. opilio, which appears to be 
more tolerant to potential future ocean acidification scenarios 
(Coffey et al., 2017; Swiney et al., 2017; Long et al., 2019, 2022; 
Stillman et al., 2020; Algayer et al., 2023). Overall, differences in 
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the sensitivity of the specific life stages along the developmental 
trajectory of the same crab species were identified. For example, 
substantial differences in lifestage-specific sensitivity have 
been observed in P. camtschaticus, with adults appearing 
more sensitive than juveniles based on transcriptomic data 
(Stillman et al., 2020). These findings reinforce the need to 
determine species responses to ocean acidification across their 
entire developmental trajectory (see Walther et al., 2010; Small 
et al., 2015; Noisette et al., 2021) to improve predictions for 
particular species by considering the cumulative response to 
ocean acidification across its developmental trajectory (Tai 
et al., 2021).

7.2.4 Impacts on Atlantic cod and Arctic cod

Atlantic cod (Gadus morhua) and Arctic cod (Boreogadus saida) 
are species of great ecological and economic importance, as 
well as having an important role in the food security of Arctic 
Indigenous Peoples (Alton Mackey and Orr, 1987; Marushka 
et al., 2021). The early life stages of Atlantic cod are known to 
be more vulnerable to the impact of ocean acidification (see 
AMAP, 2018; Dahlke et al., 2020; Leo, 2021) than adults, which 
possess far greater homeostatic abilities. However, this does not 
mean that adult cod are not vulnerable to ocean acidification 
(see AMAP, 2018; Coll-Lladó et al., 2021), particularly in 
combination with other global change drivers such as ocean 
warming (e.g., Hu et al., 2016). Recent work has also highlighted 
that Atlantic cod juveniles appear to be more physiologically 
sensitive to exposure to high levels of ocean acidification 
than Arctic cod juveniles (Leo, 2021). However, Arctic cod is 
still considered more vulnerable to ocean acidification, both 
in isolation and particularly in combination with warming, 
than Atlantic cod, owing to the former being a stenotherm 
(i.e., a species only capable of living or surviving in a narrow 
temperature range) and the latter a more temperature-tolerant 
eurythermal species (Leo, 2021). A recent synthesis by Geoffroy 
et al. (2023) on the impact of climate and global changes on 
Arctic cod highlighted ocean acidification as a principal stressor 
on this species. They concluded that the added impact of ocean 
acidification on eggs and larvae is high, but only moderate for 
juvenile, immature, and adult Arctic cod. However, they rated 
the confidence for this assessment as medium for eggs and larvae 
and low for juveniles, immatures, and adults, based on limited 
information concerning future rates of ocean acidification and 
effects on older life stages (Kunz et al., 2018; Geoffroy et al., 
2023). Both species could also experience indirect effects 
through impacts on the structure and functioning of Arctic 
ecosystems (Grandon, 2020). 

7.2.5 Local adaptation and its significance

A process that has been overlooked in the first stages of ocean 
acidification research is that of local adaptation to natural 
variability in the carbonate system. In the coastal areas, strong 
spatial and temporal variability are observed as this is not only 
driven by equilibrium with the atmosphere but also by biological 
processes, currents, or interaction with other environmental 
parameters. Recent syntheses highlight that sensitivity to low 
pH is mainly driven by the extremes of the present range of the 

natural variability (Vargas et al., 2017, 2022). As an example, 
scallops are a highly valued seafood group of bivalves and about 
50 published articles have evaluated the impact of exposure to low 
pH on this group. However, there is no clear consensus on how 
they would respond to future ocean acidification. This is partly 
a consequence of differences in experimental design. Ten articles 
were published on king scallop (Pecten maximus) alone. While 
two studies showed that exposure to low pH had a negative effect 
on early life-stage fitness (Andersen et al., 2013, 2017), others 
showed little effect on juveniles and adults (Sanders et al., 2013; 
Schalkhausser et al., 2013, 2014; Pratt et al., 2015; Bock et al., 2019; 
Cameron et al., 2019; Götze et al., 2020) and often concluded that 
scallops could be resilient to ocean acidification. However, it is 
difficult to compare the outcome of these studies because they use 
different life stages (gametes, larvae, juveniles, adults), endpoints 
(survival, growth, whole-organism physiology, expression of 
genes, proteins or metabolites, behavior), exposure times (from 
seven days to three months), or temperature. The scallops used 
for these experiments were also collected from different regions 
and a recent study showed that different populations from the 
same species can have different responses to the same pH levels. 
While individuals sampled in France had an increased mortality 
when exposed to a pHNBS of 7.71, no additional mortality was 
observed for scallops from a Norwegian population (Harney 
et al., 2023). The species- and population-specific response can 
be explained by local adaptation to the variability in carbonate 
chemistry (as well as to variability in other environmental drivers) 
at the different sampling sites (Calosi et al., 2017; Vargas et al., 
2017, 2022), with ocean acidification representing a driver for 
species geographical distribution (e.g., Calosi et al., 2013, 2017). 
However, the present range of natural variability at the sampling 
site is rarely considered in experimental studies and the selection 
of scenarios is often arbitrary or based on open ocean projections 
by the Intergovernmental Panel on Climate Change (IPCC). For 
P. maximus alone, studies considered between two and four pH 
values in their design with pHNBS ranging from 8.3 to 7.4. 

Using the methodology of Vargas et al. (2022), it is possible 
to account for the present range of variability. Data on the 
variability in pCO2 at the sampling site could be retrieved 
from public databases for 20 out of the 50 published articles 
on scallops. Using this information, it is possible to calculate 
an index (ΔpCO2) evaluating how the experimental pCO2 
scenarios used in experiments deviated from the extreme 
upper pCO2 at the sampling site. A negative ΔpCO2 would 
indicate that the tested experimental scenario is within the 
present range of variability and thus not fully relevant in the 
context of ocean acidification. A response ratio (lnRR) can 
be calculated to estimate the impact on different endpoints 
(survival, growth, respiration) and life-history stages for 
six different species. Despite such variability in species, 
populations and experimental design, a clear trend between 
the ΔpCO2 and the lnRR could be identified (Figure 7.1). In 
other words, the more conditions deviate from the extreme 
of the present range of natural variability, the more negative 
the impact. This highlights the key importance of local 
adaptation and the need to monitor the local variability in 
carbonate chemistry to evaluate the true biological response 
to ocean acidification.

1 With regards to pH, the subscript refers to the pH scale in use. pH(NBS) = National Bureau of Standards; pH(Total) = Total hydrogen ion concentration.
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7.2.6 Pteropods as an indicator of risk 

Pteropods are holoplanktonic calcifiers with a biogeographic 
distribution across the global oceans, and one of the highest 
biomasses recorded in the subpolar and polar regions over 
the upper 200 m (Bednaršek et al., 2012a; Knecht et al., 2023). 
These regions are characterized by low aragonite saturation 
states (Ωar) and low buffering capacity (Feely et al., 2018). 
Pteropods significantly contribute to the biological pump, 
especially to the carbonate flux (Bednaršek et al., 2012a; 
Buitenhuis et al., 2013; Anglada-Ortiz et al., 2021, 2023; 
Knecht et al., 2023). They are also an important component 
of the food web, channeling energy through the trophic levels 
and providing essential food resources for economically 
important fish and decapod species (Bednaršek et al., 2021b). 
Pteropods are commonly found in the diets of various 
life stages of Pacific salmon species, such as pink salmon 
(Oncorhynchus gorbuscha), sockeye salmon (O. nerka) and 
chum salmon (O. keta) that rely on pteropods to support 
somatic growth and lipid reserves, especially during the 
critical summer and autumn growth periods (Auburn and 
Ignell, 2000; Armstrong et al., 2005; Beauchamp et al., 2007; 
Zavolokin et al., 2007; Doubleday and Hopcroft, 2015; Daly 
et al., 2019). They also comprise a small component of the diet 
for demersal Arctic cod and Arctic char (Salvelinus alpinus) 
(Majewski et al., 2016; Niemi et al., 2021).

Pteropods build shells of aragonite, a metastable form of 
calcium carbonate that is 50% more soluble than calcite 
(Mucci, 1983). Experimental and field studies have 
demonstrated multiple biological pathways through which 
pteropods may be impacted by reduced Ωar, compromising 

their biomineralization (reduced shell calcification and 
increased shell dissolution), growth, fecundity, and ultimately 
their survival (Comeau et al., 2009; Lischka et al., 2011; 
Bednaršek et al., 2014a,b, 2017a,b, 2019; Feely et al., 2016; 
Manno et al., 2016, 2017). Field studies further demonstrate 
that pteropods in the subpolar and polar regions already show 
increased shell dissolution due to current exposure in the field 
(Bednaršek et al., 2012b, 2021b; Niemi et al., 2021). Owing to 
this sensitivity, pteropods rank in the top quartile of ecological 
integrity indicators and are used as a key early-warning 
indicator for ocean acidification vulnerability assessment 
and regional monitoring (Bednaršek et al., 2017b). The wealth 
of understanding on pteropod vulnerability represents a 
baseline for the expert-based consensus towards selecting at 
least six Ωar-related thresholds that delineate the magnitude 
and duration of ocean acidification exposure resulting in 
negative responses (Bednaršek et al., 2019) that can be applied 
to model outputs or observations to identify critical ocean 
acidification habitats and inform decision-makers.

When assessing species-specific risk, it is important to 
consider the current magnitude (Ωar), as well as the rate of 
change of Ωar per decade. Climatologies based on observational 
data for the northern high latitudes over the upper 200 m 
(Bednaršek et al., 2023) show some of the lowest Ωar values, 
which range from 0.5 and 1.5 in the polar regions of the 
Arctic, including the Kara, Laptev, and Beaufort seas and the 
Arctic Ocean as a whole (Figure 7.2a). When conditions are 
below the threshold of Ωar <1.2, growth and calcification in 
pteropods are compromised and further exacerbated by the 
severe dissolution, while conditions below the threshold of 
Ωar <0.95 trigger substantial pteropod mortality (Bednaršek 
et al., 2019). Furthermore, the areas of pteropod dissolution 
strongly overlap with regions of the lowest Ωar values, with 
approximately 40–60% of individuals currently being affected 
with severe shell dissolution in the Arctic and subarctic seas 
(Figure 7.2b). Field studies showing regional dissolution 
observations in the northern high latitudes (Bednaršek 
et al., 2021b; Niemi et al., 2021) show very similar dissolution 
values to the projections evaluated here based on the work of 
Bednaršek et al. (2014a).

Owing to their high ocean acidification sensitivities, pteropods 
in the high latitude regions are already severely compromised. 
Population vulnerability is already very high and will increase 
with continued ocean acidification in combination with 
multiple other stressors, especially warming. The combination 
of ocean acidification and warming can cause rapid mortality 
(Bednaršek et al., 2022) and contribute to population decline. 
The adaptation potential that could partially offset the 
anticipated risks is low, given the genetic uniformity of the 
dominant pteropod species (i.e., the small swimming planktonic 
mollusc Limacina helicina) and could be mainly in the form of 
the high spatial connectivity (Bednaršek et al., 2021b).

Based on the projected dissolution and population changes, a 
substantial decline in carbon export and sequestration could 
occur in the regions northwards of 50°N, calling for targeted 
monitoring to evaluate pteropod risks and changes in carbonate 
fluxes in these regions, relevant for carbon sequestration and 
marine CO2 removal strategies.
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Figure 7.1 Response ratio (lnRR) for different species of scallop to the 
ΔpCO2 exposure index. The dashed line shows the linear regression fit.
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7.3 �Observations and trends 
in ocean acidification

7.3.1 Regional scale

Complex signals of climate change and ocean acidification 
emerge as longer carbonate system time series become available 
(DeGrandpre et al., 2020; Ouyang et al., 2020; Woosley and 
Millero, 2020; Qi et al., 2022; Wang et al., 2022; Ericson et al., 
2023). Uncertainty in the long-term rate of change remains, 
likely to be due to the large spatial and temporal variability in 
Arctic coastal areas, the scarcity of data over time and space, the 
complexity of the carbonate system related to anthropogenic 
changes, and a lack of comprehensive total alkalinity data. Long-
term changes in the CO2 sink potential vary from region to region. 

Based on observations of the Arctic Ocean from 47 Arctic 
research cruises over the past three decades (1994–2021), Qi 
et al. (2022) showed a rapid acidification of the Arctic Ocean 
at a rate 3–4 times higher than in other ocean basins due to the 
sea-ice melt. This promotes the rapid uptake of atmospheric 
CO2, decreases alkalinity and buffering capacity, and leads to 
a sharp decrease in pH and Ωar. There is also an expansion of 
acidified waters in the upper Arctic Ocean, which is attributed 
to the transport of Pacific Winter Water due to the intensified 
eddies of the Beaufort Current (Qi et al., 2017).

In the Canada Basin, summer surface pCO2 increased at 
twice the rate of atmospheric pCO2 between 1992 and 2017 
because of the combined effects of anthropogenic CO2 uptake, 
warming, and longer sea ice-free periods (Ouyang et al., 
2020). Similarly, DeGrandpre et al. (2020) found significantly 
higher mean surface pCO2 values in warmer years with low 

sea-ice concentrations. In the Chukchi Sea, Wang et al. (2022) 
found that warming has also decreased the summertime CO2 
sink potential over the past two decades, contradicting the 
findings of Ouyang et al. (2020) that biological production 
counteracted the impacts of warming and kept surface pCO2 
stable. Using direct measurements of total alkalinity and total 
dissolved inorganic carbon from cruises spanning two decades, 
Woosley and Millero (2020) concluded that riverine input 
has decreased the western Arctic’s CO2 buffering capacity, 
shifted the carbonate equilibria towards aqueous CO2, and 
thereby minimized its potential to take up anthropogenic CO2. 
Their results suggested that the freshwater-induced shift in the 
carbonate system equilibria has led to an observed pH decrease 
of >0.005/y. This rate of ocean acidification is similar to the 
findings of Qi et al. (2022), who found a decadal decrease in 
pH of 0.0069 ± 0.0011, which is three to four times faster than 
in other ocean basins. Such a fast rate of change could have 
severe impacts on the ecosystem (Vargas et al., 2017, 2022) 
despite the large seasonal variability in the carbonate system 
and the associated wide ecological niche in these shelf seas 
(Hauri et al., 2024). 

In the Canadian Arctic Archipelago, Ahmed and Else (2019) 
estimated an increase in CO2 uptake over the previous four 
decades, attributed to increased sea-ice loss and higher wind 
speeds. Burgers et al. (2023) demonstrated that distinct water 
masses and their mixing with local biology contribute to 
observed carbon dynamics in Nares Strait, the northernmost 
outflow gateway of the Arctic Ocean in the Canadian Arctic 
Archipelago. They observed the lowest pH and calcium carbonate 
saturation states (pHT = 7.85, Ωca = 1.49, Ωar = 0.94) in the Subpolar 
Mode Water transiting northwards from the subpolar North 
Atlantic. Along with high nutrient and low dissolved oxygen 
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Figure 7.2 Observation-based climatology (mean year 2005) of aragonite saturation state (Ωar) and the percentage of pteropods with severe dissolution 
averaged over the upper 200 m of the water column in the Arctic Ocean from 50–90°N. Source: Bednaršek et al. (2023).
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concentrations, the remineralization of organic matter during 
the transit causes observed enhanced acidification. Hudson Bay 
is a large, shallow, semi-enclosed sea, characterized by substantial 
freshwater input from rivers and some permafrost regions in 
the southern Canadian Arctic Archipelago region. Terrestrial 
organic carbon remineralization emerges as a significant driver 
of CO2 evasion and ocean acidification in the coastal waters of 
Hudson Bay (Capelle et al., 2020).

The Nordic Seas comprise the Greenland, Iceland, and 
Norwegian seas. Their surface water pCO2 values are generally 
lower than those of the atmosphere, making the Nordic Seas 
important sinks for atmospheric CO2. This undersaturation 
results from several processes, including primary production, 
cooling of northward flowing Atlantic waters in the east, and the 
inflow of pCO2 undersaturated surface waters from the Arctic 
Ocean water in the west. Changes in ventilation, the process 
whereby surface water is transported to the ocean interior and 
interior water is transported back to the surface, have been 
observed in the Nordic Seas from a well-ventilated state in 1982, 
to reduced ventilation in the 1990s, to increased ventilation 
from the 2000s onwards (Jeansson et al., 2023). The evolution 
of concentrations and the inventory of anthropogenic carbon 

(Cant) in the Nordic Seas is positively linked to the ventilation 
state (Jeansson et al., 2023). The majority of Cant within these 
seas, however, is caused by advective supply of excess Cant from 
the south and the corresponding changes in buffer capacity 
(Anderson and Olsen, 2002; Olsen et al., 2006; Jeansson et al., 
2011) that contribute to the acidification. During 1981–2019, 
this caused pHT in the upper layer of the Nordic Seas to decrease 
at an average rate of -0.0028 ± 0.0003 pH units/y (Figure 7.3), 
resulting in a pH decline of 0.11 (Fransner et al., 2022).

The East Greenland Current waters cover the westernmost 
part of the Iceland Sea. The southern extent of Arctic sea 
ice in the East Greenland Current has retreated northward 
making large areas of Polar Water ice-free in summer (Serreze 
and Meier, 2019). The CO2 air-sea flux of the relevant water 
masses in the vicinity of Iceland was reported by Olafsson 
et al. (2021) showing that in different years the highest ocean 
CO2 influx is to the Arctic and Polar waters, -3.8 ± 0.4 and 
-4.4 ± 0.3 mol C/m2/y, respectively, and that these waters 
are CO2 undersaturated in all seasons. The Iceland Sea time 
series station, located in the central Iceland Sea, shows 
that hydrographic conditions there are sensitive to the 
relative contributions of Atlantic Water and lower salinity, 

Figure 7.3 pHT evolution, averaged over the Nordic Seas’ surface waters (0–200 m), from 1850 to 2100, shown in sequential panels for past, present, 
and future. Black dots with error bars show the observed annual mean pH, with standard deviations (due to spatial/seasonal variations) determined 
from all available observations in the Nordic Seas. The solid black line shows the trend calculated from these observations. The solid colored lines show 
NorESM1-ME output for emission-driven historical (grey) and future (esmRCP2.6 blue, esmRCP4.5 orange, esmRCP8.5 red) simulations, where the 
shading depicts the spatial variation (standard deviation). Note that the atmospheric CO2 increase, as simulated by NorESM1-ME for 1850 to 2005, 
deviates by 14 ppm from the actual measured increase, which results in a simulated pH decrease that is 0.01 stronger than expected. The red vertical 
bars display the pH range in the CMIP5 model ensemble for the historical and esmRCP8.5 simulations. The graphic illustrates the actual modelled 
pH data and not the modelled change applied to observational data. The dashed lines show the evolution of global surface ocean pH from the same 
simulations. The black asterisk (1850) with error bars shows an estimate of the preindustrial mean pH, with the spatial standard deviation derived from 
the GLODAPv2 climatology mapped product. The numbers in black and blue show the calculated and significant linear trend, with standard errors 
from the observations and the model, respectively, for the period 1981–2019. Source: Fransner et al. (2022).
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colder Polar or Arctic Waters. For 1991–2020, significant 
negative trends in pH and Ωar were observed at this station 
at all depth levels. The observed pH trends by depth layer 
for the entire Iceland Sea region (during 1981–2019) are 
-0.0031 ± 0.0003 pH units/y (0–200 m), -0.00251 ± 0.00027/y 
(200–500 m), -0.0018 ± 0.00029/y (500–1000 m), and 
-0.0013 ± 0.00021/y (1000–2000 m) (Fransner et al., 2022). 
The trends for Ωar for the same depth layers are -0.0112/y, 
-0.00637/y, -0.00452/y, and -0.00257/y, respectively (Fransner 
et al., 2022). The seasonal amplitudes of pH and Ωar at the 
surface are approximately 0.2 and 0.5 units. The direct 
effects of variations in temperature and salinity are of little 
importance for this observed negative pH and Ωar trend (Pérez 
et al., 2021; Fransner et al., 2022).

The Barents Sea and Nansen Basin north of Svalbard are 
influenced by the warm and saline Atlantic water in the 
southern part, rich in total alkalinity and CO2, and the 
relatively cold and fresh low total alkalinity and low Ωar Arctic 
water in the northern part (Fransson et al., 2017; Jones et al., 
2021). Larger ocean CO2 uptake was observed in the marginal 
ice zone by sea-ice meltwater-induced CO2 uptake than in 
the open ocean (Chierici et al., 2019). In the Nansen Basin, 
less and thinner sea ice caused increased ocean CO2 uptake 
during storm events in winter (Fransson et al., 2017). The 
long-term trends showed a rapid increase in surface water 
pCO2 in the northern Barents Sea and adjacent Nansen Basin 
of 4.2–5.5 ± 0.6–1.1 µatm/y. This is twice as fast as the rate of 
atmospheric CO2 increase in the same period 1997–2020 and 
occurred in the area with the largest decrease in sea-ice cover, 
implying a link between more open areas and progressing 
pCO2 uptake (Ericson et al., 2023).

In the North Pacific along the 165°E section, Ono et al. (2023) 
showed that the rates of decline in surface pH and Ωar during 
1996–2019 generally followed the increase in atmospheric CO2 
in the tropical and southern subtropical regions (pH -0.002/y, 
Ωar -0.011/y) and peaked south of the Kuroshio Extension 
(pH -0.0026/y, Ωar -0.015/y), but gradually increased northward 
across the Subarctic Gyre (pH -0.0012/y, Ωar -0.006/y). Ono et al. 
(2019) suggested that acidification along the 137°E section was 
accelerated in the surface water during 2007–2017 compared to 
the previous decade, which is modulated by inorganic carbon 
redistribution associated with the strength of ventilation in the 
Kuroshio Recirculation. In subsurface waters of the subtropical 
gyre, Oka et al. (2019) found that natural variability slowed 
acidification in subtropical mode water during 2010–2016. 
However, Li et al. (2022) found that the rate of acidification in 
subtropical mode water during 2005–2020 (pH -0.0028/y, Ωar 
-0.0176/y) is about twice that of 1993–2005 (pH -0.0015/y, Ωar 
-0.0074/y), and also found that the rapid rate of anthropogenic 
CO2 accumulation and acidification is consistently observed 
across the region between 137°E and 149°E, which is regulated by 
the transport of subtropical mode water. The faster acidification 
of subtropical mode water is due to the cooling-induced 
enhanced anthropogenic CO2 accumulation in the formation 
waters in the recent period. This result is generally consistent 
with the rates observed in the Kuroshio recirculation surface 
water during 1993–2005 and 2005–2017 (Ono et al., 2019), and 
the vertical and horizontal consistencies imply the memory 
function of mode waters in retaining the anthropogenic carbon 
fingerprint during their formation and transport. 

7.3.2 Arctic fjords

Arctic fjords are in rapid transition. Glaciers are retreating 
at an accelerated rate and freshwater input to the coastal 
zone is increasing. Glaciers play important roles in physical 
and biogeochemical processes in polar coastal regions, and 
thus fjords have high biological productivity and important 
fisheries. Freshwater enhances coastal ocean acidification. 
In the Arctic, freshwater sources include sea-ice meltwater, 
river runoff, glacial meltwater, and precipitation. Fjords in 
Svalbard have experienced enhanced ocean acidification due 
to increased glacial discharge, which was further modified 
by added carbonate ion from glacial drainage, accumulated 
total dissolved inorganic carbon from brine rejection, and 
surface primary production (Fransson et al., 2015, 2016, 
2020; Ericson et al., 2019). Two studies in Kongsfjorden 
(west Spitsbergen), in contrasting years, showed lower Ωar 
and pH in a cold year with extensive sea-ice cover relative to 
a warm year with a greater influence from warm and saline 
Atlantic water inflow (Fransson et al., 2016). However, in 
a warm year there was more freshwater influence due to 
melt from glaciers resulting in increased stratification in the 
surface layer, which influenced CO2 uptake during primary 
production, partly compensating for the freshening effect 
in summer. 

A variable corrosive glacial plume was suggested to control 
the observed seasonal variability of acidification in Prince 
William Sound, Alaska (Evans et al., 2014). A combination 
of river water, glacial meltwater and sea-ice meltwater 
contributed to low Ω values in Cumberland Sound, Canada 
(Turk et al., 2016). Henson et al. (2023) demonstrated spatial 
Ω differences in West Greenland and East Greenland fjords 
and their drivers from an extensive summertime study of 
16 fjords. Aragonite undersaturation in West Greenland 
fjords was observed at depth due to the inflow of shelf waters 
with low Ω and accumulation of respired organic carbon, 
while undersaturation in East Greenland fjords was only 
observed in surface waters due to freshwater (glacial and 
sea-ice meltwater) dilution of alkalinity. Glacial morphology, 
marine- or land-terminating glaciers, also influenced 
local acidification. Subglacial plumes from marine-
terminating glaciers entrained the deeper corrosive waters to 
subsurface layers, while land-terminating glaciers enhanced 
stratification which contributed to ocean acidification in 
surface layers. 

Another study in a northeast Greenland fjord, Dijmphna 
Sound, over two summers (2012, 2016) showed that glacial 
meltwater decreased Ω in the surface layer in both years, 
and was particularly evident in 2012 (Fransson et al., 2023). 
Record high loss of surface melt from the Greenland Ice Sheet 
in 2012 (Nghiem et al., 2012) contributed to a larger decrease 
in Ω in 2012 than in 2016, by increased freshwater addition 
that caused dilution of carbonate ions thus reducing total 
alkalinity (Fransson et al., 2023). However, an increase in Ω 
due to biological CO2 drawdown by primary production partly 
compensated for the decrease in Ω due to freshwater dilution, 
hence preventing corrosive conditions near the glacier front 
(Fransson et al., 2023). 

To assess the net impact of ongoing ocean acidification in the 
climate-sensitive Arctic fjords, it is necessary to understand the 
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complex interplay of processes in a changing climate. In the 
Arctic, fjords and other coastal systems are geomorphologically 
and oceanographically diverse, and are experiencing rapid 
changes such as sea-ice loss, an increase in river and glacial 
meltwater, accelerated organic carbon input due to coastal 
erosion, and permafrost thawing. However, understanding of 
the temporal and spatial variability of ocean acidification in these 
regions is limited. The co-development of an observing system 
in the Arctic fjords/coastal system with Indigenous Peoples, 
other local communities, and scientists is urgently required.

7.3.3 Methane and ocean acidification

Methane (CH4) may act as yet another climate change-driven 
ocean acidification accelerator, further challenging the Arctic 
system. How much of the CH4 carried by bubbles will reach 
the sea surface and be released to the atmosphere or oxidized 
to CO2 largely depends on the CH4 flux rate, water depth and 
in-situ release conditions that control transfer processes in 
different Arctic seas. Sparrow et al. (2018) showed that only 
a small fraction of the CH4 released from thawing permafrost 
and decomposing hydrates on the Beaufort Shelf makes it 
up to the surface and is emitted to the atmosphere. Most of 
the CH4 in the water column is oxidized to CO2 and may 
therefore additionally accelerate ocean acidification (Garcia‐
Tigreros et al., 2021). 

In contrast, large-scale CH4 releases, including release of 
pre-formed CH4 long preserved within and beneath subsea 
permafrost, were documented on the East Siberian Arctic 
Shelf. Observational data show that at a shallow water depth, 
approximately 67–72% of CH4 remains in the bubbles when 
the bubbles reach the sea surface and enhance its near-surface 
atmospheric concentrations (Shakhova et al., 2010, 2014, 
2015). On the outer East Siberian Arctic Shelf most of the 
CH4 dissolves in the water column, building up an aqueous 
CH4 inventory. The fate of dissolved CH4 largely depends on 
the interaction between several factors: the turnover time of 
dissolved CH4 in the water column, the stability of the water 
column against vertical mixing, and the rates of turbulent 
diffusion and lateral advection. Dissolved CH4 on the outer 
East Siberian Arctic Shelf requires 300–1000 days to be 
oxidized to CO2 in the water column because CH4 oxidation 
rates are very slow (Shakhova et al., 2015). During this time, 
some of the aqueous CH4 inventory is likely to be released 
to the atmosphere during storms (Shakhova et al., 2014). 
The remaining dissolved CH4, captured beneath the sea ice 
in winter, can spread further from the East Siberian Arctic 
Shelf via currents, and some can escape to the atmosphere 
through leads and breaks in the ice. Additional studies are 
required to evaluate the impact of dissolved CH4 oxidation 
on ocean acidification in different Arctic seas. 

7.3.4 Permafrost and ocean acidification

The Arctic Ocean is surrounded by permafrost and this is 
being degraded at an increasing rate under the warming, which 
is most pronounced in Siberia and Alaska (AMAP, 2017). 
Thaw and release of organic carbon from Arctic permafrost 
is postulated to be one of the most powerful mechanisms 
causing a net redistribution of carbon from land and ocean to 

the atmosphere (Gruber et al., 2004; Canadell and Raupach, 
2009; AMAP, 2017; IPCC, 2023). The extensive East Siberian 
Arctic Shelf, comprising the Laptev Sea, the East Siberian Sea, 
and the Russian part of the Chukchi Sea, and which accounts 
for ~25% of the Arctic continental shelf, is believed to be a 
particularly vulnerable target area. The massive amount of 
terrestrial organic carbon delivered by rivers and coastal erosion 
is partly degraded and subject to further significant degradation 
during its residence in shelf water (Gustafsson et al., 2011; Vonk 
et al., 2012). Degradation of terrestrial organic carbon was 
evident from levels of pCO2 oversaturation (Semiletov, 1999a,b; 
Semiletov et al., 2007; Anderson et al., 2009), removal fluxes 
of both terrestrial dissolved organic carbon and particulate 
organic carbon (Sánchez-García et al., 2011), and from the 
molecular-specific shelf-wide δ13C–14C trends in particulate 
organic carbon and surface bottom organic carbon (Gustafsson 
et al., 2011; Vonk and Gustafsson, 2013). 

The degradation of particulate organic carbon causes 
the formation of anomalously high pCO2 and nutrient 
concentrations in the nearshore zone, where the river signal 
overlaps with the biogeochemical signal from highly eroded 
coastal ice complexes enriched by old terrestrial organic 
matter (Semiletov, 1999a,b; Semiletov et al., 2007, 2011). The 
particulate organic carbon signal of coastal erosion leads to 
a pCO2 increase in bottom waters near the highly eroded ice 
complexes of up to ~4000 µatm, while pCO2 values in the 
surface water, strongly impacted by river runoff, were usually 
observed up to ~1000 µatm. This is consistent with levels of 
pCO2 measured in plumes from the Great Siberian Rivers 
along the Northern Sea Route (Semiletov et al., 2012). Total 
dissolved inorganic carbon isotopic data and simulations of 
water sources using salinity and δ18O data suggest that the 
persistent acidification is driven by the degradation of terrestrial 
organic matter and discharge of Arctic river water with elevated 
CO2 concentrations, rather than by uptake of atmospheric CO2 
(Semiletov et al., 2016).

To investigate processes of carbon transport and fate on the 
East Siberian Arctic Shelf versus ocean acidification effects, 
the former (~2 million km2) was evaluated as an integrator of 
ongoing changes in the surrounding land (~3 million km2), 
which create a terrestrial or exogenous signal, and in-situ changes 
that present a marine or endogenous signal which is generated 
by increasing coastal and bottom erosion, and the involvement 
of old carbon in the modern biogeochemical cycle. A notable 
characteristic of the East Siberian Arctic Shelf is large gradients 
in hydrological and biogeochemical parameters that correspond 
to geographically critical contrasts in the Arctic system where 
the Pacific and local shelf waters interact over the shelf. That is 
reflected in the sedimentation regime (Semiletov et al., 2005; van 
Dongen et al., 2008; Gustafsson et al., 2011). The distribution 
of δ13C-organic carbon in the surface bottom sediments was 
used to distinguish between two biogeochemical provinces: 
the Western Biogeochemical Province water (WBP) and the 
Eastern Biogeochemical Province water (EBP) (Semiletov et al., 
2005). The warmer and fresher WBP, located eastwards of the 
Lena Delta to ~160–170°E, is characterized by strong river and 
coastal erosion impacts. The saltier and colder EBP, located 
eastwards of ~160–170°E, is mainly affected by nutrient-rich 
Pacific water that creates favorable conditions for high summer 
primary production (Anderson et al., 2011). The lowest Ωar levels 
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were observed in the heterotrophic WBP, where the influence of 
both river runoff and terrestrial-organic carbon input is much 
stronger than in the autotrophic EBP (Semiletov et al., 2005). In 
the WBP, Ωar varied from 0.01 to 1.42 (mean 0.45, SD 0.23) in 
surface water (above the pycnocline) and from 0.01 to 1.27 (mean 
0.44, SD 0.23) in bottom water (below the pycnocline). Lower 
Ωar in the WBP was associated with higher pCO2 and lower pH 
in both surface and bottom water.

In the nearshore WBP water, primary production was shown 
to be suppressed by lack of sunlight owing to low transparency 
of shelf water overloaded with suspended particulate matter 
and riverborne colored dissolved organic matter. Observations 
showed that mean concentrations (± 1 SD) of suspended 
particulate matter and colored dissolved organic matter in the 
WBP surface water were 12.8 ± 26.6 mg/L and 25.6 ± 19.1 µg/L, 
respectively; that is, up to ten times greater than in the EBP 
surface water. In some WBP areas, mean suspended particulate 
matter concentrations increased by a factor of 3–5 times during 
the 10-year observation period. EBP Ωar varied from 0.45 to 
3.28 (mean 1.74, SD 0.68) in surface water and from 0.35 to 2.21 
(mean 0.88, SD 0.42) in bottom water. Lower Ωar was associated 
with deeper, saltier, lower-pH water. Low Ωar observed in the 
bottom water in both biogeochemical provinces is determined 
by in-situ organic carbon decomposition. Because rates of 
coastal erosion and the acidifying effect of terrestrial-organic 
carbon input due to coastal erosion and river input are higher 
in the WBP than in the EBP, this results in mean WBP Ωar that 
is half that in the EBP (0.44 versus 0.88).

Because two different hydrological and biogeochemical 
regimes exist in the WBP and EBP of the East Siberian Arctic 
Shelf, the features of carbon cycling and ocean acidification 
effects are different and specific to each province. In the WBP 
the main processes that drive the marine carbon cycle are 
determined by the combined influence of coastal erosion and 
riverine runoff from the Lena and other rivers. Transformation 
of the terrestrial-organic carbon leads to oversaturation of 
shelf waters in CO2; CO2 is highest where the contribution 
of coastally eroded terrestrial-organic carbon prevails. The 
decay of terrestrial-organic carbon also lowers the pH leading 
to the extreme acidification of shelf water on the East Siberian 
Arctic Shelf, which is especially pronounced in the WBP. In the 
EBP, which is strongly influenced by Pacific Ocean inflow, the 
contribution of terrestrial-organic carbon is much lower and 
marine primary production dominates; there, pCO2 indicated 
undersaturation of shelf water in CO2 and higher Ωar. Since the 
compound-specific signal of the bulk organic carbon is related 
to the extent of permafrost, there may be repercussions for 
terrestrial-organic carbon remobilization under a warming 
climate and changing atmospheric circulation patterns.

The results of a multi-year study clearly show a major ocean 
acidification pattern on the East Siberian Arctic Shelf resulting 
in severe aragonite undersaturation of shelf waters. This is 
caused by the degradation of terrestrial-organic carbon 
exported from thawing coastal permafrost and freshening 
due to growing Arctic river runoff from extensive permafrost-
underlain watersheds and ice melt (Semiletov et al., 2012, 2016). 
In contrast to other marine ecosystems, where organic carbon 
originates from planktonic and riverine sources, coastal erosion 
represents a significant source of terrestrial-organic carbon to 

the East Siberian Arctic Shelf. The dual carbon isotope (δ13C 
and 14C) composition of organic carbon establishes that old 
permafrost-released erosional carbon dominates the burial 
of organic carbon on the East Siberian Arctic Shelf, and that 
57 ± 2% of this terrestrial-organic carbon is from permafrost-
originated ice complexes of Pleistocene age (Vonk et al., 
2012). This translocated terrestrial-organic carbon represents 
a source of ocean acidification different from that of the 
generally considered atmospheric CO2 uptake. Multi-year 
results show that the acidifying effect of terrestrial-organic 
carbon decomposition at the erosion-dominated site was more 
than five times stronger than that of estuary freshening (531% 
versus 100.5%). Persistent and potentially increasing aragonite 
undersaturation of East Siberian Arctic Shelf water has already 
far exceeded projected levels for year 2100, which are based 
only on atmospheric CO2 uptake (Semiletov et al., 2016). These 
observation-based results also exceed the modelled saturation 
declines highlighted in the regional model evaluation for the 
period 1969–2015 by Mortenson et al. (2020).

Because aragonite undersaturation is characteristic of the entire 
East Siberian Arctic Shelf bottom water, it is possible that the 
observed suppression of the benthic calcifying community 
might be pervasive throughout the entire area, which alone 
comprises >25% of the Arctic Ocean open water. A recent 
study showed that the observed export of corrosive shelf 
waters to the deep ocean can have a potential impact on 
the ocean water ecosystem in the case of mixing with layers 
inhabited by calcifying organisms (Pipko et al., 2023). As 
these waters are exported to the surface of the central Arctic 
Ocean by the Transpolar Drift as well as into the Beaufort 
Gyre, the consequences of ocean acidification, triggered by 
climate change-driven mechanisms, might affect Arctic marine 
ecosystems over extensive scales. The Pipko et al. (2023) study 
also calls into question the capacity of the Arctic Ocean to serve 
as a sink for a growing amount of anthropogenic CO2.

7.4 Projections of ocean acidification 

With increasing warming and rising atmospheric CO2 
concentrations, the aragonite and calcite saturation state of 
the Arctic Ocean is rapidly declining. Projected changes from 
the current states for temperature, Ωar, Ωca and sea ice in the 
Arctic are shown in Figure 7.4. The graphic shows an overview 
of the climatological multi-model mean of ten Earth System 
Models (ESMs) for 1981–2000 and projected changes by 
2081–2100 for SSP2-4.5 and SSP5-8.5. Projection robustness, 
represented as the magnitude of the mean anomaly exceeding 
the intermodel standard deviation (Kwiatkowski et al., 2020), 
suggests robustness across the Arctic for sea-ice concentration 
and Ω. For temperature, robustness is given across most of 
the Arctic except for parts of the central Arctic Ocean and 
the northern North Atlantic. The patterns of change as well as 
robustness patterns are very similar for the two scenarios, but 
show less change for SSP2-4.5. Larger temperature changes are 
evident by the end of the century, once winter sea ice is also 
disappearing in the Bering, Barents and Kara seas. For regions 
with the most advanced acidification, Ωar undersaturation will 
be reached in both scenarios (SSP5-8.5, SSP2-4.5) before 2080. 
Some regions (e.g., the East Siberian and Beaufort seas) already 
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Figure 7.4 Multi-model mean pan-Arctic view of the average for 1981-2000 and the projected change by the end of the century for SSP2-4.5 and SSP5-8.5, 
for temperature (0–50 m), saturation state for aragonite (0–50 m), saturation state for calcite (0–50 m), and sea-ice concentration. Model estimates are 
calculated from total dissolved inorganic carbon, total alkalinity, temperature and salinity from Earth System Model simulations and are the mean of 
ten models (ACCESS-ESM1-5, CanESM5-CanOE, CESM2-WACCM, CNRM-ESM2-1, GFDL-ESM4, MIROC-ES2L, MPI-ESM1-2-HR, MRI-ESM2-0, 
NorESM2-MM, UKESM1-0-LL). Stippling designates areas of projection robustness represented as the magnitude of the mean anomaly exceeding the 
inter-model standard deviation (Kwiatkowski et al., 2020). Modified from Steiner and Reader (2024).
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reached Ωar undersaturation in historical times, consistent 
with observations (Semiletov et al., 2016; Niemi et al., 2021) 
and regional model results (Mortenson et al., 2020). For other 
regions the models suggest that lower emissions can still avoid 
aragonite undersaturation. The regions which are already 
close to aragonite undersaturation show the smallest change 
in the future, indicating limitations in uptake capacity, while 
the largest changes are on the Atlantic side, particularly the 
Norwegian Sea. Uptake capacity may also be different among 
models as it depends on solubility and stratification (mixed-
layer depth), which vary among regions and models (e.g., 
Steiner et al., 2014).

In 2021, the IPCC reported an accelerated pace in Arctic 
Ocean acidification in addition to the 2–3 times accelerated 
ocean surface temperature increase in the Arctic (Canadell 
et al., 2021). Kwiatkowski et al. (2020) compared marine 
ecosystem stressors in the Coupled Model Intercomparison 
Project (CMIP5 and CMIP6) for the global ocean and found 
greater surface acidification in CMIP6 models, which they 
linked to the Shared Socioeconomic Pathways (SSPs) having 
higher associated atmospheric CO2 concentrations than their 
Representative Concentration Pathway (RCP) analogues 
for the same radiative forcing. They also found lower inter-
model uncertainty. The greatest projected pH declines they 
indicated were in the Arctic Ocean, which reflects impacts 
from surface ocean warming and loss of sea ice. The latter 
provides increased surface areas for air-sea gas exchange and 
simultaneously enhances air-sea CO2 fluxes by dilution of total 
dissolved inorganic carbon concentrations with freshwater. 
Kwiatkowski et al. (2020) highlighted the Arctic Ocean as 
sensitive to compound warming, acidification, and nutrient 
stress for both near-surface and bottom waters, threatening 
pelagic and benthic ecosystems. They found the magnitude of 
projected changes in bottom waters to be less than in surface 
and upper-ocean waters, while bottom water uncertainties for 
any given scenario were larger. They found this contrast to be 
particularly evident for pH projections with the SSPs. They 
linked this relative increase in inter-model uncertainty to the 
surface ocean chemistry being in equilibrium with the same 
atmospheric CO2 concentrations for all models. On the other 
hand, benthic pH changes are strongly influenced by ocean 
circulation, which is variably impacted by climate change across 
models (Kwiatkowski et al., 2020, and references therein).

Henson et al. (2017) studied time of emergence (ToE, defined 
as the year when annual extremes persistently exceed the 
long-term trend for the remainder of the time series) for 
marine ecosystem stressors and found that climate change-
driven trends of multiple ecosystem drivers emerge from the 

background of natural variability in 55% of the global ocean 
within the next 10 to 15 years and in 86% of the ocean by 2050 
under a high-emission scenario. However, they pointed out 
that in the Arctic, ToE has already occurred for sea-surface 
temperature and pH. Terhaar et al. (2021) investigated Arctic 
Ocean acidification output from CMIP5 and CMIP6 and found 
good agreement with respect to projections of the 21st century 
for the CMIP6 model ensemble as well as reduced model 
uncertainties (~50%) compared to CMIP5. Terhaar et al. (2021) 
used ocean density to constrain CMIP6 model projections 
of ocean acidification, which allowed to further reduce the 
projected range in Ω. They indicated that, on average, the 
upper 1000 m of the Arctic Ocean will be undersaturated with 
respect to aragonite by 2100 for all emission pathways. Steiner 
and Reader (2024) evaluated ocean acidification and other 
marine ecosystem stressors in 11 ESMs (CMIP6) and found 
clear differences among Arctic sub-regions, both in historical 
times and in future projections. In all regions, model differences 
in Ω decreased over time. In contrast, temperature and oxygen 
showed an increase in differences among models over time. 
This may indicate enhanced model consistency with increased 
open water for Ω, but may also be driven by the nonlinear 
dependence of Ω on temperature, salinity, dissolved inorganic 
carbon, and total alkalinity with reduced sensitivities to input 
parameters for lower saturation states (Steiner and Reader, 
2024). In comparison, for temperature a different pace in sea-ice 
retreat and other circulation mechanisms drive large differences 
among models. Higher inter-model uncertainty for sea-surface 
temperatures was also shown by Kwiatkowski et al. (2020), 
which they attributed to differences in climate sensitivity 
(warming response for increased CO2) among models. 

Dividing the time series from 1980 to 2100 into three equal 
40-year chunks allows good approximation with linear trend 
approximations (Figure 7.5). Steiner and Reader (2024) showed 
that while temperature exhibited the most rapid 40-year rate 
of change for the end-of-century period (2061–2100), CaCO3 
saturation states showed highest 40-year changes for the mid-
century period (2021–2060) (Table 7.1). This reflects the 
opposing impacts on CaCO3 saturation states of increased 
carbon uptake (decreases saturation states) and increasing 
temperatures (increases saturation states). 

A comparison between the SSP2-4.5 and SSP5-8.5 scenarios 
shows initially consistent ocean acidification, with faster 
acidification progression beyond 2040 for SSP5-8.5. For 
SSP5-8.5 all CMIP6 models project all Arctic regions to reach 
aragonite undersaturation by 2080, and calcite undersaturation 
for all but two regions (Barents Sea, Nordic Seas) by 2100 
(Steiner and Reader, 2024). The study indicates that despite 

Table 7.1 Overall Arctic multi-model mean trends (historical and SSP5-8.5) for pH, saturation state of aragonite (Ωar), saturation state of calcite (Ωca), 
and temperature in the upper 50 m. Source: Steiner and Reader (2024).

Period Mean annual trend

pH Ωar Ωca Τ, °C

1981–2020 -0.0021±0.0007 -0.0058±0.0025 -0.0093±0.004 0.014±0.019

2021–2060 -0.0054±0.0013 -0.0109±0.0034 -0.0175±0.054 0.028±0.035

2061–2100 -0.0066±0.001 -0.0081±0.003 -0.013±0.0047 0.057±0.066
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Figure 7.5 Simulated trends for temperature 
and saturation states for aragonite (Ωar) and 
calcite (Ωca) for 14 regions and the pan-
Arctic average for 11 Earth System Models. 
Regions are indicated on the x-axis and 
shown in the map. For precise boundaries 
of subregions used in this analysis, see 
Steiner and Reader (2024). Trends for 
each model are indicated in color within 
each panel (see key). Note: CanESM5 is 
excluded from the mean trend, indicated 
in black, to avoid over-emphasizing the 
same physical model. Trends are provided 
for three periods: 1981–2020, 2021–2060, 
2061–2100. Modified from Steiner and 
Reader (2024). 
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initial biases the models converge over time, indicating reduced 
uncertainty, a feature which may be less obvious if only the 
change from a common past state is compared among the 
models. Reduced model uncertainty over time is consistent 
with CMIP5 evaluations. Frölicher et al. (2016) highlighted 
that the uncertainty in pH projections is dominated by scenario 
uncertainty for the mid- and late 21st century, in contrast to 
temperature, oxygen and primary production, where model 
uncertainty as well as internal variability play a dominant role 
throughout the 21st century.

While the model projections show pronounced increases in the 
seasonal amplitudes of upper ocean temperatures, particularly 
in the Arctic where retreating summer sea ice is a key driver 
of seasonality, the seasonal amplitude of carbon system 
variables is less affected (Kwiatkowski et al., 2020; Steiner and 
Reader, 2024). Kwiatkowski et al. (2020) found the projected 
seasonal amplitude of the global surface ocean pH to decrease 
but indicated that declines in the seasonal amplitude of pH 
are typically only robust in the low- and mid-latitudes, with 
inconsistencies in pH seasonal amplitude projections in the 
Arctic. Steiner and Reader (2024) found that Ω and pH values 
show little change in their seasonal amplitude, but indications 
of shifts in the timing of seasonal extremes. Orr et al. (2022) 
also highlighted seasonal shifts in pCO2. Their CMIP6 multi-
model analysis showed a winter high and summer low for the 
historical run (consistent with observations) and a projected 
transition of the summer low into a high across much of the 
Arctic Ocean under mid-to-high CO2 emissions scenarios. 
Seasonal shifts in the carbon system have also been pointed out 
in earlier studies. Steiner et al. (2013) showed that retreating 
sea ice in future projections alters the seasonal CO2-flux cycle 
by extending the maximum uptake in autumn and reducing 
the uptake in summer.

Mortenson et al. (2020) pointed out that the seasonal cycle of the 
carbon system variables in the upper ocean is strongly impacted 
by the sea-ice carbon pump (the release of carbon out of the 
ice as it forms and the dilution of near-surface seawater as ice 
melts), which is not represented in any of the CMIP5 or CMIP6 
models. Mortenson et al. (2020) found that excluding the sea-
ice carbon pump results in a decrease in seasonal variability of 
sea-surface total dissolved inorganic carbon and total alkalinity 
and an overestimation of the annual maximum simulated Ωar. 
This leads to an underestimation of the stress aragonite-forming 
organisms may experience in polar oceans. How the inclusion 
of this pump may affect the suggested shift in the seasonal cycle 
of CaCO3 saturation states in ESMs has not yet been evaluated.

Emission reductions can drastically slow the pace at which 
multiple drivers emerge or critical thresholds will be crossed, 
and even for bottom waters, intense mitigation strategies 
can limit ecosystem exposure to potential warming and 
acidification stress during the 21st century (e.g., Henson 
et al., 2017; Kwiatkowski et al., 2020; Orr et al., 2022; Steiner 
and Reader, 2024). In terms of socio-economic impacts and 
questions of responsibility, Licker et al. (2019) characterized the 
biological and socio-economic systems in regions facing loss 
and damage from ocean acidification in the context of climate 
change and other stressors. They found that more than half of 
the global surface ocean acidification is attributable to the CO2 
emissions traced to the extraction, refining and combustion of 

fossil fuels and manufacturing of cement from the 88 largest 
carbon producers. However, how such responsibility attribution 
will translate into mitigation or adaptation supporting action 
is unclear.

Steiner and Reader (2024) assessed ocean acidification in 
11 CMIP6 ESMs for 14 subregions (see map in Figure 7.5) 
in the Arctic. The multi-model mean initial state differs for 
the various regions and differences among regions are largely 
retained over time. This is much more pronounced for the 
top 50 m than at depth. Ω and pH values in the top 50 m 
are lowest in the East Siberian and Laptev seas, which show 
advanced ocean acidification. This has also been highlighted 
by Mortenson et al. (2020), evaluating a regional model for the 
period 1969–2015. The CMIP6 multi-model mean (0–50 m) 
shows Ωar undersaturation in the southern East Siberian Sea 
before 2020 and Ωca undersaturation before 2070, and all 
regions are projected to be undersaturated with respect to 
Ωar by 2080. 

Steiner and Reader (2024) found limited regional variability 
in the rate of change in Ω over time for the historical period. 
Simulated 0–50 m changes (1981–2020) in Ω are lowest in the 
Bering Sea, highest on the Greenland Shelf, and are generally 
higher in the western Arctic than the eastern Arctic. Changes in 
the 50–200 m layer are slightly lower (~15% less) and those in the 
200–500 m layer about 40–50% less. Rates of change in Ωca are 
generally higher (almost double) than those for Ωar (Figure 7.5). 
For CMIP6, Ω shows the largest rate of change in all regions 
for mid-century and consistent values for all depth layers. The 
model results show a decrease in the rate of change for the late-
century period in the upper ocean, along with a decrease in 
model range. By contrast, model results show a further increase 
in the magnitude of the negative trend in pH for the late-century 
period (not shown). By late century, consistent rates of change 
are simulated for all three depth layers, indicating a deepening 
of the acidification signal, which agrees with previous CMIP5 
analyses (Steiner et al., 2014).

Fransner et al. (2022) used in-situ observations, gridded 
climatological data, and model projections for three different 
future scenarios with the Norwegian Earth System Model 
(NorESM1-ME) to investigate changes in pH and Ωar in 
the Nordic Seas. They found that from the pre-industrial 
era (1850–1860) to the present day (1996–2005) the pH of 
surface water in the region dropped by 0.1 pH units with a 
slight shallowing of the Ωar horizon. During 1981–2019, when 
regular sampling of carbonate system variables was made, the 
pH of the Nordic Seas upper layer decreased by 0.11 pH units. 
Beyond 2019, an additional reduction of 0.1–0.4 pH units is 
projected by the end of the 21st century, depending on the 
emissions scenario being simulated (Figure 7.3). In the high 
emissions scenario, esmRCP8.5, the Ωar horizon shoals enough 
that all cold-water coral reefs in the Nordic Seas region will 
be exposed to corrosive waters (Ωar <1) by the end of the 21st 
century. The acidification in all periods was mainly driven 
by increasing levels of total dissolved inorganic carbon in 
response to the rising Cant concentrations (Pérez et al., 2021). 
This agrees with previous studies of the region (Skogen et al., 
2014; Skjelvan et al., 2022), but with increased certainty due to 
greater availability of observational data and with some regional 
differences being highlighted.
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7.5 Conclusions

It is evident that research efforts to characterize further the 
response of Arctic species to ocean acidification must be 
revitalized and targeted to specific research needs in order to 
preserve Arctic biodiversity and ecosystem function, as well 
as stocks of culturally and commercially important species. 
Examples of studies involving Arctic and subarctic populations 
do exist (e.g., Long et al., 2013; Calosi et al., 2017; Thor et al., 
2018), but efforts should also prioritize the co-production of 
knowledge and partnering of Western science with Indigenous 
Knowledge. Achieving this would enable all to benefit from a 
multifaceted critical understanding of the fast-changing Arctic 
marine ecosystems and would provide additional information 
to Indigenous Peoples, and other Arctic inhabitants, to make 
adaptation decisions (e.g., proactive choices to counter changes 
imposed by the environmental forcing) (Ford et al., 2021; 
Huntington et al., 2022; ICC, 2022; Yua et al., 2022). A good 
example is the Central Arctic Ocean Fisheries Agreement 
(Schatz et al., 2019), which supports the science to better 
understand the impact of commercial fisheries on climate 
change and Arctic ecosystems affected by ocean acidification.

Long-term time-series monitoring of the seawater carbonate 
system is crucial for establishing and understanding the trends 
and drivers of ocean acidification. Indigenous-led community-
based monitoring is a viable option for furthering such research, 
in line with Indigenous community-identified priorities and 
Indigenous-driven programs (Fox et al., 2020; Eicken et al., 
2021; Hauser et al., 2021, 2023). When research questions are 
co-developed and relevant to Indigenous Peoples, Indigenous 
priorities can be adequately reflected in the process. Research 
and monitoring activities should also focus on growing the 
capacity of Indigenous Peoples, and other Arctic inhabitants, 
(e.g., through training and funding for community-based 
monitoring programs). Ways to include ‘Western’ science 
approaches and Indigenous Knowledge should be developed 
and improved, as should communications to better reflect the 
contributions Indigenous Knowledge and observing can make 
to ongoing research. This also includes the need to communicate 
to various audiences the constraints and assumptions associated 
with the applications of science and Indigenous Knowledge in 
providing answers, estimates, and projections of anticipated 
changes (e.g., Yua et al., 2022; Gryba et al., 2025). Specific 
to the monitoring of ocean acidification, improved methods 
and sensor development are required to limit the use of toxic 
substances in the relevant sampling methods (Buschman and 
Hauri, 2022).

Global projections representing Arctic ocean acidification 
have improved and are more constrained than the respective 
temperature projections. Nonetheless, large model differences 
in the rate of sea-ice retreat, a key factor that affects many 
biogeochemical cycles, impacts consensus. As such, ocean 
acidification projections would benefit from improvements 
in the ability of models to project sea-ice decline.

The Arctic Ocean, particularly its coastal seas, is characterized by 
complex coastlines, archipelagos, terrestrial runoff, and shallow 
shelves. These characteristics are not adequately represented 
in ESMs. Coastal regions are often linked to highly productive 
ecosystems, often related to sea ice, and support coastal fisheries 

and Indigenous subsistence harvesting activities (e.g., Fox et al., 
2020; Gryba et al., 2021; Hauser et al., 2021, 2023; Steiner et al., 
2021; Huntington et al., 2022). Adequately representing the 
progress of ocean acidification in these regions, together with 
the simultaneous occurrence of coastal acidification events, 
requires better climate model downscaling from regional scales 
(country/national) to local scales (harvesting around individual 
communities). Downscaling efforts are hampered by the limited 
availability of observation data in coastal regions and can be 
improved through collaborative research and knowledge co-
production between Indigenous Peoples and scientists, and 
through Indigenous-led community-based monitoring.

The seasonal cycle of the carbonate system in the upper ocean 
is strongly affected by the sea-ice carbon pump, which is not 
represented in CMIP6 models. Excluding this pump results in 
a decrease in the seasonal variability of total dissolved inorganic 
carbon and total alkalinity in surface waters and an overestimation 
of the annual maximum simulated CaCO3 saturation state. This 
leads the CMIP6 models to underestimate the stress aragonite-
forming organisms may experience in polar oceans.

River discharge, ice melt, and anthropogenic pollution all 
contribute to ocean acidification (Steinacher et al., 2009; 
Yamamoto-Kawai et al., 2009). However, most models do 
not include key natural Arctic system processes, such as the 
degradation of terrestrial organic carbon translocated from 
thawed permafrost to the shelf, possibly amplified by regional 
warming. These processes may serve as coupled mechanisms 
to further exacerbate ocean acidification in the Arctic.

Ocean acidification and its cumulative impacts are likely 
to lead to loss and damage of natural resources within the 
biogeochemical system, further exacerbating the necessary 
adaptation and mitigation Indigenous communities will need to 
undertake in order to continue to thrive in the rapidly changing 
Arctic. Research priorities on ocean acidification should support 
understanding, adaptation, and mitigation efforts, including 
support at the science-policy interface and the mechanisms 
by which loss and damage are assessed and compensated. In 
line with Indigenous rights to self-determination and self-
governance, Indigenous Peoples should have access to both 
research and policy spaces and they, in turn, need to recognize 
the importance of seeking Indigenous authority and guidance 
on matters occurring in, or related to, Indigenous homelands.
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8. Arctic/midlatitude weather connectivity

Lead author: James Overland

Contributing authors: Robert Corell†, Seong-Joong Kim, Peter Langen, Jinro Ukita, Timo Vihma

8.1 Introduction

This chapter updates the previous AMAP report, AMAP Arctic 
Climate Update 2021: Key Trends and Impacts, specifically 
Chapter 5: Arctic/midlatitude weather connectivity (Overland 
et al., 2021a).

Accompanied by a rapid loss of Arctic sea ice in recent 
decades, the winter Arctic has warmed three times faster 
(Sweeney et al., 2023; Zhou et al., 2024) than the global 
mean based on observed data since 1980 (Dai et al., 2019; 
Rantanen et al., 2022), as noted in previous chapters. Despite 
this Arctic amplification (i.e., amplification of Arctic warming 
relative to the rest of the globe), and although continental 
minimum air-temperature averages have increased (Blackport 
and Screen, 2021), a number of recent cold-air events have 
occurred in the United States, Scandinavia and eastern Asia 
(Ding et al., 2021, 2022; Yao et al., 2023). The meteorology of 
this Arctic/midlatitude weather connection does not imply 
a single physical linkage; such linkage depends on different 
polar vortex / jet-stream locations and surface conditions. 
Characterizing Arctic/midlatitude linkages is a controversial 
task; existing knowledge shows a range of results and the topic 
is an active area of research (Screen et al., 2018; Overland 
et al., 2021b). Much of the previous evidence in favor of 
an Arctic/midlatitude connection is from simultaneous 
geographic trends and case studies in observational time 
series. Contrasting evidence emphasizes weak statistical and 
modeling connections. Focusing on internal atmospheric 
variability and poleward and equatorward heat transports, 
rather than just on the loss of sea ice, is the current state of 
the science. 

8.2 �Connectivity reflects a combination 
of drivers

Climate models project a range of midlatitude responses to 
Arctic change (Smith et al., 2019; Cheung et al., 2022, among 
others), which is unsurprising given that they are known to 
struggle with the representation of persistent large-amplitude 

circulation anomalies, such as north-south extensions of a wavy 
jet stream (Cohen et al., 2020). Arctic connections are not the 
whole midlatitude weather story as equatorial influences are also 
noted (Clancy et al., 2021; Ma et al., 2022). The differences in 
observational and model results for Arctic/midlatitude weather 
connections is confounding for those who would like a single, 
simple answer to understand the science and to anticipate 
seasonal outlooks. Allowing for multiple scientific viewpoints 
is representative of the current state of knowledge (Shepherd, 
2021). Instead of asking whether the recent cold winter events 
in the midlatitudes are due to Arctic warming or interannual 
atmospheric variability, it is more appropriate to accept that 
evidence suggests a combination of the two (Outten et al., 2022). 

8.3 �Scientific interest operating 
across multiple fronts 

A literature search for the period 2020 to 2022 using the search 
terms Arctic AND Midlatitude AND (Jet Stream OR Polar 
Vortex) generated 82 references from Web of Science, with a 
few additional references added from other sources. This large 
number of publications illustrates the high level of interest in 
the topic. There are multiple approaches to the issue of Arctic/
midlatitude connections. Blackport and Screen (2021) and Dai 
and Song (2020) reported little evidence for midlatitude climate 
impacts from the Arctic and showed a decrease in the frequency 
and intensity of midlatitude cold temperature extremes. 
Cohen et al. (2020) reported that observations provide more 
support for the Arctic/midlatitude weather connections than 
climate models. Further papers showed a range of statistical 
and causal connections in the winter tropospheric weather 
(McGraw and Barnes, 2020; Sun et al., 2022). They noted that 
correlations may not represent, or may overestimate, a response 
to Arctic variability. Cheung et al. (2022) reported multiple 
results from Coupled Model Intercomparison Project Phase 5 
(CMIP5) models. One modeling group underscored the need 
to investigate multi-model and single-model ensembles (Peings 
et al., 2021). The two largest groupings were observational 
studies on Arctic/midlatitude connections and a focus on 
dynamics. Four connection studies specifically mentioned loss 

Key findings
	• Arctic climate change can influence midlatitude weather 

and climate, impacting millions of people.

	• Understanding the meteorological processes for this 
connection remains controversial: the physics includes both 
local Arctic forcing such as sea-ice loss and temperature 
increases (Arctic amplification), and internal atmospheric 
variability such as tropospheric jet stream and stratospheric 
polar vortex dynamics.

	• The movement of the stratospheric polar vortex over 
continents can help explain some of the location, timing 
and duration of Arctic/midlatitude weather connections, 
such as cold-air outbreaks over the eastern parts of Asia 
and North America.

Overland, J., R. Corell, S.-J. Kim, P. Langen, J. Ukita and T. Vihma, 2024. Arctic/
midlatitude weather connectivity. In: AMAP Arctic Climate Change Update 2024: 
Key Trends and Impacts, pp. 117-120. Arctic Monitoring and Assessment Programme 
(AMAP), Tromsø, Norway. https://doi.org/10.21352/m8j7-wt56
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of sea ice (Kim and Kim, 2020; Chripko et al., 2021; He et al., 
2021; Cheung et al., 2022). The other five connection studies 
focused on Arctic variability (Huguenin et al., 2020; Jung et al., 
2020; Cohen et al., 2021; Harwood et al., 2021; Huang et al., 
2021). There was some emphasis on case studies; for example, 
a study on recent trends in waviness (Martin, 2021) and an 
earlier study on Ural blocking (Tyrlis et al., 2019). There was 
also an emphasis on multiple processes: internal atmospheric 
variability and temperature advection working together with 
local heat flux forcing (Overland et al., 2021b,c). For the papers 

with a dynamics focus, one mentioned the stratosphere (Ding 
et al., 2022). The focus of the remaining papers ranged from 
meanders, Rossby wave breaking, blocking, and non-linearity 
(De et al., 2020; Chen X. et al., 2021; Jolly et al., 2021; Kim 
and Choi, 2021; Song and Wu, 2021; Xu et al., 2021; Chen G. 
et al., 2022). Most papers focused on the link between warm 
Arctic and cold midlatitude events, although connections 
have also been reported between cold Arctic anomalies and 
warm winter events in the midlatitudes, especially in Europe 
(Vihma et al., 2020).

Figure 8.1 Representative clusters of 
100 hPa geopotential height anomalies 
during winter (January-February) from 1979 
to 2018. Numbers in parentheses above each 
map reflect the percentage of occurrence. 
Bar plots present seasonal-mean normalized 
frequency of occurrence during each year. 
Source: Kretschmer et al. (2018).
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8.4 �Variability in the polar vortex 
is of particular interest

One area of research focus is the movement of the polar vortex over 
continents and its connection to eastern continental outbreaks of 
cold temperatures. There is often vertical coherence between the 
stratospheric level (100 hPa) and lower jet stream level (500 hPa) 
geopotential height features and surface weather (Cohen et al., 
2021). A cluster analysis showed the preference for five lower 
stratospheric height patterns of the polar vortex: centered on 
the pole; over North America; over Eurasia; a stretching/North 
American dipole; and a weak pattern associated with sudden 
stratospheric warmings (SSW). These patterns are illustrated for 
winter (taken as January-February; anomalies fields, Figure 8.1) 
after Kretschmer et al. (2018) and Cohen et al. (2021); the patterns 
are statistically significant. The central Arctic location (Cluster 1) 
shows a long-term downward frequency trend. Cluster 2, with the 
polar vortex partially moving over North America, is associated 
with cold temperatures over the eastern United States. Cluster 3, 
with the polar vortex centered toward the opposite side of the 
pole, draws cold air across Eurasia (Kretschmer et al., 2018). 
Cluster 4 is referred to as a dipole/stretching pattern event. The 
polar stratosphere is zonally asymmetric, with the warming 
focused on the northwest Pacific / eastern Siberia side of the 
Arctic and cold temperatures over central North America 
(Messori et al., 2022). The stretched polar vortex excites upward 
wave energy propagation on the Asia side that is reflected off 
the upper stratosphere and enhances the pattern over North 
America (Cohen et al., 2021). Cluster 5 is a weak vortex associated 
with SSW (Hall et al., 2015). Rather than the atmospheric layers 
being vertically coherent as in the other four patterns, this SSW 
pattern is noted for upward and downward propagation of energy, 
with multiple surface impacts depending on circulation details. 
Variability in the polar vortex is certainly not responsible for the 
whole Arctic/midlatitude weather connection story, but does 
highlight that Arctic/midlatitude weather connections are more 
than simple forcing from Arctic amplification.

8.5 Conclusions and recommendations

The statement from Shepherd (2021), “allowing for multiple 
viewpoints about Arctic/midlatitude weather connections,” 
represents the continuing state of the science. The key findings 
from the 2021 AMAP report (AMAP, 2021) remain valid: 
namely, that possible Arctic/midlatitude weather connections 
are societally relevant as a result of previous and future Arctic 
conditions. Extreme weather events are an aspect of both 
ongoing internal atmospheric weather and anthropogenic 
global change (Overland, 2022).

In relation to the present update:

A source of intermittency in Arctic/midlatitude weather 
connections arises from the chaotic nature of the 
atmosphere. Internal shifts in atmospheric dynamics – 
variability in the location, strength, and character of the 
jet stream, blocking, and the stratospheric polar vortex 
– are important direct causes of this intermittency. 
Interdependence of atmospheric internal variability with 
loss of sea ice and Arctic temperature amplification are 
important research topics.

Two main recommendations for further work are suggested 
from this update:

1.	 Further evaluate the use of models, especially multiple 
ensemble versions. This should include better 
representation of high amplitude atmospheric dynamics 
such as blocking, and direct Arctic/midlatitude forecast 
case studies.

2.	 Improve understanding of atmospheric blocking and 
polar vortex/midlatitude cold-air and warm-air events, 
especially pattern persistence (Smith and Sheridan, 
2019; Luo et al., 2023).
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Acronyms and Abbreviations

Ωar Saturation state for aragonite 

Ωca Saturation state for calcite

ACIA Arctic Climate Impact Assessment

ALT Active-layer thickness

AMAP Arctic Monitoring and Assessment Programme

AR6 Sixth Assessment Report of the Intergovernmental Panel on Climate Change

CAFF Conservation of Arctic Flora and Fauna

CaCO3 Calcium carbonate

CALM Circumpolar Active Layer Monitoring network

Cant Anthropogenic carbon

CH4 Methane

CMIP5 The Coupled Model Intercomparison Project phase 5

CMIP6 The Coupled Model Intercomparison Project phase 6

CO2 Carbon dioxide

CO3
2- Carbonate ion

DOC Dissolved organic carbon

EBP Eastern Biogeochemical Province water

ERA5 European Global Reanalysis version five

ESM Earth system model

GCM Global climate model

GPCP Global Precipitation Climatology Project

HCO3
- Bicarbonate ion

IPCC Intergovernmental Panel on Climate Change

LEO Local Environmental Observer network/database

MRIT Maximum river-ice thickness

NDVI Normalized differential vegetation index

NorESM1-ME Norwegian Earth System Model

NSIDC National Snow and Ice Data Center (US)

P-ET Precipitation minus evapotranspiration

PADB Pan-Arctic drainage basin

pCO2 Partial pressure of CO2

PM2.5 Particulate matter with a mean diameter of less than 2.5 μm

RCP Representative Concentration Pathway 

SAT Surface-air temperature

SCE Snow-cover extent

SIA Sea-ice area

SIE Sea-ice extent

SSP Shared Socioeconomic Pathway

SST Sea-surface temperature

SWE Snow-water equivalent

SWIPA Snow, Water, Ice and Permafrost in the Arctic (assessment)

WBP Western Biogeochemical Province water
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Arctic Monitoring and Assessment Programme

The Arctic Monitoring and Assessment Programme (AMAP) was established in June 1991 by the eight Arctic countries (Canada, 
Denmark, Finland, Iceland, Norway, Russia, Sweden and the United States) to implement parts of the Arctic Environmental 
Protection Strategy (AEPS). AMAP is now one of six working groups of the Arctic Council, members of which include the eight 
Arctic countries, the six Arctic Council Permanent Participants (Indigenous Peoples’ organizations), together with observing 
countries and organizations.

AMAP’s objective is to provide ‘reliable and sufficient information on the status of, and threats to, the Arctic environment, and 
to provide scientific advice on actions to be taken in order to support Arctic governments in their efforts to take remedial and 
preventive actions to reduce adverse effects of contaminants and climate change’.

AMAP produces, at regular intervals, assessment reports that address a range of Arctic pollution and climate change issues, 
including effects on health of Arctic human populations. These are presented to Arctic Council Ministers in ‘State of the Arctic 
Environment’ reports that form a basis for necessary steps to be taken to protect the Arctic and its inhabitants.

This report has been subject to a formal and comprehensive peer review process. The results and any views expressed in this 
series are the responsibility of those scientists and experts engaged in the preparation of the reports.

The AMAP Secretariat is located in Tromsø, Norway. For further information regarding AMAP or ordering of reports, 
please contact the AMAP Secretariat (The Fram Centre, P.O. Box 6606 Stakkevollan, N-9296 Tromsø, Norway) or visit 
the AMAP website at www.amap.no.
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