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EURASIAN PANEURASIAN EXPERIMENT (PEEX)

The Eurasian PaBurasianExperiment (PEEX) is a multidisciplinary, radéle
program focused on solving grand challenges in northern Eurasia and China
focusing inArctic and boreal regions. PEEX will also help to develop service,
adaptation and mitigation plans for societies ¢ope with global change. It is a
bottom-up initiative by several European, Russian and Chinese research
organizations and institutes with eaperation of US and Canadian organizations
and Institutes. The PEEX appro&chphasizeshat solving challenges raed to
climate change, air quality and cryospheric change requires ‘socgke
coordinated ceoperation of the international research communities. Strong
involvement and international collaboration between European, Russian and
Chinese partners is needdd answer the climate pacy challenge: how will
northern societies cope with environmental changes? The promoter institutes of
this initiative are the University of Helsinki and the Finnish Meteorological
Institute in Finland; the Institute of Geography Moscow State University,
AEROCOSMOé&nd the Institute of Atmospheric Optics (Siberian branch) of the
Russian Academy &fiences (RAS) in Russia; the Institute of Remote Sensing and
Digital Earth (RADI) of the Chinese Academy of Sciences (CAS) ardditiite

for climate and global change research of Nanjing University in China. PEEX is built
on collaboration by EU, Russian and Chinese parties, involving scientists from
various disciplines, experimentalists and modelers, and international research
projects funded by European, Russian and Chinese funding programs. The first
active PEEX period is 2@P®33, though PEEX will continue until 2100. The first
PEEX meeting was held in Helsinki in October 2012. PEEX is open for other
institutes to join.

VISION

PEEX is a multidisciplinary, misigiale research initiative aiming at resolving the
major uncertainties in Earth System and Global Sustainability Science concerning
the Arcticand boreal PattEurasian regiosincluding the impact and influence of
China. Th vision of PEEX is to solve interlinked global grand challenges
influencing human welbeing and societies in northern Eurasia and China in an
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integrative way, recognizing the significant role of boreal Arddicregions in the
context of global changeThe list of grand challenges cover subjects such as
climate change, air qualit biodiversity loss, chemicadizon, food supply, energy
production and fresh water supply.

The PEEX vision includes the establishment and maintenance ofelong
coherent and coordinated research and education activities and continuous,
comprehensive research infrastructures in the PEEX domain. PEEX aims to
contribute to the Earth system science agenda and climate policy in topics
important to the ParEurasian environment, ral to provide adaptation and
mitigation strategies for the Northern Pdfurasian and Chinese societies related

to Grand Challenges patrticularly climate change and air quality.

MISSION

PEEX aim to be a negéneration natural sciences and soeiconomic reeart
initiative using excellent niti-disciplinary science with clear impacts on future
environmental, soci@conomic and demographic development of thestic and

boreal regions as well as of China. PEEX is also a science community building nove
infragructures in the Northern Pafturasian region and in China.

PREFACE

The precursor idea of the Eurasian Haurasian Experiment (PEEX) was
AYUNRBRdzOSR AYy wHwnamm Ay | LI LISNI GAGE SR
greenhouse gases in Siberia and futthi® & S NOK y S S Rhe Boreal LJdz0 |
Environment Researchy Kulmalaet al. This paper gave an overview of the
aerosol and greenhouse gas (GHG) observation activities in the Siberian region,
and addressed the importance of lasadimosphere dynamics ofitirian boreal
forests for the climate system. The idea of the giberian experiment (PSE) was

to organize a measurement program for aerosols, GHGs and biogenic volatile
organic compounds (BVOCs), and to establish a coherent, coordinated
observation netwrk from Scandinavia to China, together with a science program
focused on understanding processes in the lzatdhosphere interface. Soon, the
idea of PSE was expanded to cover the whole Northern-ERaasian
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geographical domain, and was renamed the Harasian Experiment (PEEX). The
initiators of the PEEX idea were academy professor Markku Kulmala from the
University of Helsinki, Division of Atmospheric ScienéddVj, and professor
Sergej Zilitinkevich from the Finnish Meteorological Institute and thevddsity

of Nizhny Novgorod.

The first ParEurasian Experiment (PEEX) meeting was organizeddo®&ober

2012 by the University of Helsinki (ATM) and the Finnish Meteorological Institute.
The first PEEX meeting gathered nearly 100 participants from EuRyssia and
China. Based on the meeting presentations and working group discussions, the
research needs and the most urgent research questions of theERaasian
region were listed, and the first outline of the PEEX science plan was drafted. The
PEEX mparatory phase organization was also established. It was agreed that the
preparatory phase committee members, which are also the promoter institutes
of the PEEX initiative, are the University of Helsinki, the Finnish Meteorological
Institute, the Institue of Geography, Moscow State UniverséfEROCOSMQOS
and the Institute of Atmospheric Optics (Siberian branch) of the Russian Academy
of Sciences. It was also agreed that the PEEX preliminary phageam office,

which acts as the headquarters of PEEXyldide established in Helsinki.

So far, thelst PEEX meeting in Helsinki has been followed by four other PEEX
meetings taking place in Moscow (&,24. February 2013), in Hyytidla, Finland
(26.¢28. August2013) and in SPetersburg (46. March2014). ThePEEX China
kickoff was held in Beijing in November 2013 at the institute of Remote Sensing
and Digital Earth (RADI) of the Gfse Academy of Sciences (CABADI has
joined the PEEX preparatory phase committee member institutes, and has
established the BEX China office at the premises of RADI. As part of the PEEX
China activities, the PEEX regional office was established at the Institute for
climate and global change research at Nanjing University, which has beena long
term collaborator of the Universit of Helsinki in developing am-situ
atmospheric observations framework in China.

Since thel® meeting in Helsinki, the PEEX science community from Europe,
Russian and China has contributed to the content of the PEEX science plan in
many ways. These ihe introducing research themes in the PEEX meetings,
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sending specific comments to the science plan, contributing to the editorial
processing of the existing content, and writing sections related to specific areas
of interest. The final versioreleasedm February 2015n connection with the st
PEEX science conference and tHePEEEX meeting in Helsinki. After this point,
the PEEX initiative will move towards detailed planning of the implementation of
the PEEX infrastructure (cohereintsitu observaton network,coordinateduse

of remote sensing observations, data systems aratlelingplatform). PEEX will
continue to fill in the observational gap in atmospheriesitu and ground base
remote sensing data in the Siberian and Far East regions, andtsagprocess
toward standardized and harmonized data procedures. The future HREEX
conceptual design will find synergies with the major European-&tntbsphere
observation infrastructures such as the ICOS (a research infrastructure to
decipher the greenhase gas balance of Europe and adjacent regions), ACTRIS
(aerosols, clouds, and trace gases research infrastructure nefprojkct 2011,
2015), GAW (Global Atmospheric Watch), and ANAEE (the experimentation in
terrestrial ecosystem research) networks, anéhathe flagship measurement
stations such as SMEAR (station for measuring ecosyaterosphere relations).

During the first years of action, PEEX hasperate with International Eurasian
Academy of Sciences (IEAS) and also been introduced adkeosferences and
scientific forums such as: ISBRTokyo 2013), Futurearth (Paris 2013), Geo
Secretaiat meeting Geneva2013), the Climate Change Northern Territories
Arctic Meeting (Relgavik 2013), EMS Annual Conference (Reading 2013),
Partnership Conference Geophysical Observatories, multifunctional GIS and data
mining (Kaluga 2013), LGE®I3 at Eurd 4 Al 902y 2YA O C2 NIz
Siberian aerosol Conference (Tomsk 2013), EGU (Vi2dbh3a, 2014),Arctic
Observing Summit (2014)""4LEAPS Science Conference (Nanjing 20143 GElI
conference (Boulder 2014) ar8PIERemote Sensing Conference (Amsterdam
2014).
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ABSTRACT

The Eurasian PdBurasian Experiment (PEEX) is a multidisciplinary, -sudlte
researchprogramaimed at resolving the major uncertainties in Earth System
Science and global sustainability issues concerningAtieic and boreal Pan
Eurasian regions as well as China. The vision of the PEE3oIse interlinked
global gand challenges influencing human wddeing and societies in northern
Eurasia and China. Such challenges include climate change, air quality,
biodiversity loss, lremicaliation, food supply, and the use of natural resources
by mining, industry, energy productiand transport. Our approach is integrative
and interdisciplinary, recognizing the important role of tAectic and boreal
ecosystems in theEarth system. The PEEX vision includes establishing and
maintaining longterm, coherent and coordinated researchctaities and
continuous, comprehensive research and educational infrastructures across the
PEEX domain.

The PEEX initiative is motivated by the fact that the role of northern regions will
increase in terms of globalization, climate change, demographyisedf natural
resouces. Land and ocean areas locaaed5°N or higherlatitudeswill undergo
substantial changes during the next 40 years. Even the most moderate climate
scenarios predict that the northern ¢ latitudes will warm by 1&2.5°C by the
middle of the century. The PdaurasianArcticboreal natural environment will

be a very important area for the global climate via the albedo change, carbon
sinks and emissions, methane emissions and aerosol production via biogenic
volatile orgamc compounds (BVOCSs). In addition, the ecosystems will undergo
potentially massive changes including the expansion of new species and the
extinction of existing ones. These will have unpredictable consequences on food
webs and the primary production of f&fent plant ecosystems.

PEEX will develop and utilize an eigtated observational and mode{
framework to identify different climate forcing and feedback mechanisms in the
northern parts of the Earth system, and therefore enable more reliable
predictiors of future regional and global climate. Because of the already
observable effects of climate change on society, and the specific rtie éirctic
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and boreal regions in this context, PEEX emphasizes the need to establish next
generation research and reagch infrastructures in this area. PEEX will provide
fasttrack assessments of global environmental change issues for climate-policy
making, and for mitigation and adaptation strategies for the Northern-Pan
Eurasian region.

PEEX is built on the collabo@t between European, Russian and Chinese
partners, and is open to a broader collaboration in the future. The PEEX
community will include scientists from variodsciplines funders, policynakers

and stakeholders from industry, transport, renewable nalrresources
management, agricultural production and trade, and it will aim atesigning
research inhe region in the spirit of thelwure Earth initiative.

PEEX aims to be operational starting from 2015. It will start building the long
term, continuais and comprehensive research infrastructures (RI) in Northern
PanEurasia. These RIs will include grodraded, aircraft, marine and satellite
observatiors, as well as mul8cale modehg platforms. The PEEX domain covers
the Eurasian boreal zone arddic regions of the hemisphere, including marine
areas such as the Baltic, the North Sea and Ahetic Ocean. The PEEX area
includes also China due to its crucial impact and influence. The PEEX research
agenda focuses on the multidisciplinary process ustigrding of theEarth
system on all relevant spatial and temporal scales, ranging from the-scaie

to the global scale. The strategic focus is to ensure the-teng continuation of
comprehensive measurements in the lagadmosphereocean continuum inkte
northern Eurasian area as well as the interactions and feedbacks related to
urbanization and megacities, and to educate the next generation of
multidisciplinary scientists and technical experts capable of solving the-large
scale research questions witfocietal impact of the PEEX geographical domain.

The scientific results of PEEX will be used to develop new climate scenarios on
global and regional scales and novel services such as early warning systems for
the Arcticboreal regions. PEEX aims to conitéto the Earthsystem science
agenda, to climate policy concerning topics important to the -Parmasian
environment, and also aims to help societies of this region in building a
sustainable future.

12
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EXTENDED SUMMARY

Background and motivation
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awareness Innovations and Services to Scenarios and ':;ﬁorl:‘g
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Figurel Schematic figure of the PEEX Structure

Solving of any of the grand challengesuch as climate change, air qualitgean
acidification, clean watewsr food supply requires a multiscale, multidisiplinary
research program rked with fasttrack policy making. The P#&urasian
Experiment (PEEX) is a multidisciplinary, radéle global change and societal
change initiative and research infrastructure development program focused on
the northern Eurasian area, in particular dhe Arctic and boreal regions
including impact and influence of China. The overall goal of PEEX is to solve
interlinked global challenges, such as climate change, air qualitivbisity loss,
chemicaliation, food supply, energy production and fresh wmasupply, in an
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integrative way, while recognizing the increasing role of Alneticand northern
biomes in the context of global change.

The PEEX initiative is motivated by the fact that the role of northern regions will
increase in terms of globalizati, climate change, demography and use of natural
resourcegSmith 2010. Land and ocean areas located af 8kor higherlatitudes

will undergo substantial changes during the next 40 years. Even the most
moderate climate scenarios predict that the northehigh latitudes will warm by
1.5¢2.5 °C by the middle of the century, and by 3.5 °C by the end of the century.
This is more than double compared tcetiglobal average warming (IPQG13).

The ParEurasiarArcticandboreal natural environmerswill be a very important

area for the global climate via the albedo change, carbon sinks and emissions,
methane emissions and aerosol production via biogenic volatile organic
compounds (BVOCs). In addition, the ecosystems will undergo oppressive
changesricluding the expansion of new species and the extinction of existing
ones. These will have unpredictable consequences on food webs and the primary
production of different plant ecosystems.

Climate change is shaking the dynamics of the whole global clisyatem, and

is also triggering interlinked loops between global forces: demographic trends,
the use and demand of natural resources, and globalization. Warming will affect
demographic trends by increasing urbanization and migration to northern
regions, andy accelerating changes in societal issues and air quality. One major
consequence of the warming of northern latitudes is related to changes in the
cryosphere, including the thawing of permafrost ahe ArcticOcean becoming

ice free part of the yearThis will accelerate global trade activities in tAectic
region if the northern sea route is opened for shipping between the Atlantic and
l'aAl Qa CIFN 9Failo eiieddNde aSdead majod Y a
natural resources such as oil, natugak and minerals. The exploitation of natural
resources depends on how badly the permafrdsw will damage infrastructure.

The PEEX approach emphasizes the converging understanding of physical and
sociceconomic processes within thEarth system, espeaeily in the changing
pristine and urban (also in Chinese megacities) environments of the north&tn (4

14



PANEURASIAN EXPERIMENTXP&EIENCE PLAN

N latitude or higher) regions. The PEEX domain covers a major part of the relevant
areas of the boreal forest zone and the permafrost regions of the heort
hemisphere, including the maritime environmentbiqure 2. The program
agenda is divided into four focus areas (1. Research agenda, 2. Infrastructures, 3.
Impact on societand 4. Knowledge transferfrigurel) and is built on research
collaboration between Russian, Chinese and European parties. The research
agenda defines the largsecale key topics and research questions of the dand
atmosphereaquatic-anthropogenic systems in grcticboreal context as well as
megacityclimate interactions and air quality issues. The research infrastructure
introduces the current state of the art observation systems in the-Parasian
regions and presents the future baselines for the coherent and doated
research infrastructures in the PEEX domain.ifiipact on societyaddresses key
aspects related to mitigation and adaptation strategies. It also involves planning
for preparing northern societies to cope with environmental changes, developing
reliable earlywarning systems, and addressing the role of new technology in the
implementation of these strategies and plans. Knowledge transfer is focused on
education programs at multiple levels, strengthening future research
communities, and raising awares®of global changes and environmental issues.
The science plan also introduces the basic components of the implementation of
the research agenda, and of designing and buildingdsearch infrastructures.

15
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Detailed descriptions of the implementation plaase provided in the separate
PEEX documents.

@ Boreal forest zone y—
Continyous | permafrost
D:sconhhuoés ermaf ost

——  Silk Road

Figure2 PEEX geographicadgion.

The PEEX Research Agenda (Focd3

The PEEX research agenda is designed as a research chain, which aims to advance
our understanding of the interdions in theEarthsystem (encompassing not only

the atmosphere and the land and ocean ecosystems, but also human activities
and societies) through a series of connected activities. These research activities
start at the molecular scale, and extend to i@tal and global scales. Our focus

is to understand the complex lartmosphereoceansociety system in aArctic,

northern PanEurasian and Chinese context. PEEX will study the changes and
processes driven by the following interlinked forc@sradiative forcing (ii) Arctic
warming, (iii) changes in the cryospheréy) society, human activities, ar#)
societyclimate-biosphere interactions and feedbacks.

16
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Land system

Atmospheric

Research y Aquatic
agenda system
\ Anthropogenic
\ activities
Feedbacks and
biogeochemical
cycles

Figure3 Sulstructure of PEEX Research Agerda (

The researchagenda covers different spatial and temporal scales, and
encompasses diverse geographical regions including both natural and urban
environments. The four major larggeale systems studied by PEEX are the land,
atmosphere and aquatic systems, and anthropuigeactivities Figure3). For

each of the main systems we introduce three key topics and related-kugle
research questions. In addition to the four major systerthe PEEX research
agenda addresses the feedbacks and interactions between the systems and the
major biogeochemical cycles (water, carbon, nitrogen, phosphorus, sulfur).

The scientific results of PEEX will fill the current gaps in our knowledge of the
processes, feedbacks and links within and between the major components of the
Earthsystem, and the biogeochemical cycles, in &reticboreal context. The
PEEX domain covers a wide range of interactions and feedback processes
between humans and natural sems, with humans acting both as the source of
climate and environmental change, and the recipient of the impacts. Reliable
climate information and scenarios for the coming decades are crucial for
supporting the adaptation of northern societies to the iagts of climate change
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and cryospheric changes. Human decisiaking concerning, for example, land
use and fossil fuel burning are represented by agmmed models (ABM),
integrated assessment models (IAM), and climate scenarios, which will be utilized
and further developed for the Northern PeBurasian region. In urban and
industrialized regions, the process understanding of biogeochemical cycles
includes anthropogenic sources, such as industryfartiizers as essential parts

of the biogeochemical cjes. PEEX climate scenarios, especially estimates of the
type and frequency of natural hazards in the future, will be used to improve
climate prediction capacities in Europe, Russia and China. Furthermore, PEEX
socioeconomic research covers (i) the supesition of natural and socio
economic factors, (ii) the dependence of the consequences of climate change on
sociaeconomic condition and its dynamics, (iii) identification of opportunities
and methods of mitigation and adaptation to climate change andbseconomic
change, (iv) the spatial differentiation of the response of societies on national,
regional, and local levels (regional and local, urban and rural cases) to
environmental and socieconomic challenges.

The PEEX research results are used fodypeing different types of scenarios on
the impacts of climate change and air quality changes on human population,
society, energy resources and capital flows. PEEX will provide information for
mitigation and adaptation strategies for the changifcctic environments and
societies, and will also carry out riskadyss of both human activities and natural
hazards (floods, forest fires, droughts, air pollution). These plans take into
account different key aspects such as sustainable land use, public health a
energy production. The improved knowledge and scenarios on climate
phenomena and impacts are needed to provide enhanced climate predictions,
and also to support adaptation measures. In particular, estimates of the type and
frequency of extreme events,nd possible nonlinear climate responses, are
needed for both past, present and future conditions.
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LARGESCALE RESEARCH QUESTIONS
LAND SYSTEM

Q-1 Howcould the land regions and processes that are especially sensitire to
climate change be identified, and what are the best methods to analyze heir
responses?

Key topic: shifting of vegetation zonéscticgreening

Q-2 How fast will permafrost thaw proed, and how will it affect ecosysteln
processes and ecosysteaimosphere feedbacks, including hydrology end
greenhouse gas fluxes?

Key topic: risk areas of permafrost thawing

Q-3 What are the structural ecosystem changes and tipping points in the ft ture
evdution of the ParEurasian ecosystem?
Key topic: Ecosystem structural changes

ATMOSPHERIC SYSTEM

Q-4 What are the critical atmospheric physical and chemical processes with [arge
scale climate implications in a northern context?
Keytopic: atmosphericomposition and chemistry

Q-5 What are the key feedbacks between air quality and climate at northern nigh
latitudes and in China?
Key topic: urban air quality, megacities and changing PBL

Q-6 How will atmospheric yhamics (synoptic scale weathdmundarylayer)
change in théArcticboreal regions?
Key topic: weather and atmospheric circulation
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AQUATIC SYSTERISHEARCTIOCEAN

Q-7 How will the extent and thickness of tAecticsea ice and terrestrial sno\/
cover change?
Key topic: ThércticOcean in the climate system

Q-8 What is the joint effect ofArcticwarming, ocean freshening, pollutidoad
and acidification on thércticmarine ecosystem, primary production and carbon
cycle?

Key topic: Thércticmaritime environment

Q9 What is thefuture role of Arcticboreal lakes, wetlands and large rivi:r
systems, including thermokarst lakes and running waters of all size, in
biogeochemical cycles, and how will these changes affect societies (livelit oods,
agriculture, forestry, indust)®

Key topc: lakes, wetlands and large river systems in the Siberian region

ANTHROPOGENIC ACTIVITIES

Q-10 How will human actions such as langde changes, energy production, tlie
use of natural resources, changes in energy efficiency and the use of rene wable
energysources influence further environmental changes in the region?

Key topic: Anthropogenic impact

Q11 How do the changes in the physical, chemical and biological state cf the
different ecosystems, and the inland, water and coastal areas affect the
economis and societies in the region, and vice versa?

Key topic: Environmental impact

Q-12In which ways are populated areas vulnerable to climate change? Hov' can
their vulnerability be reduced and their adaptive capacities improved? V/hat
responses can be idernéfl to mitigate and adapt to climate change?

Key topic: Natural hazards
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FEEDBACKSNTERACTIONS

Q-13 How will the changing cryospheric conditions and the consequent che nges
in ecosystems feed back to thecticclimate system and weather, including tt e
risk of natural hazards?

Q14 What are the net effects of various feedback mechanisms on (i) land :over
changes, (ii) photosynthetic activity, (iii) GHG exchange and BVOC emissi(ns (iv)
aerosol and cloud formatio and radiative forcing? How do these vary wth
climate change on regional and global scales?

Q-15 How are intensive urbanization processes changing the local and re¢ional
climate and environment?

Key topicsQ 1315: Atmospheric composition, biogeochemicatycles:water,
carbon (C)nitrogen (N) phosphor (P)sulfur §

Land system

Changing land

ecosystem

/ processes
Ecosystem
Land » structural changes
system and resilience

\ Risk areas of

permafrost

thawing

Figure4 Sulstructure ofland system research agenda.
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Q-1 Howcan the land regions and processes that are especially sensitie to
climate change be identified, and what are the best methods to analyze heir
responses?

Climatic conditions influence the structure and functions ofatiticand boreal
ecosystems. Inhie future, many processes are sensitively responding to climate
change. This affects the productivity and functions of the ecosystems. These
changes may lead to unpredictable consequenegson the magnitude of the
ecosystem carbon sinks, the production of aerosol precursor gases and the
surface albedo.

Q-2 How fast will the permafrost thaw proceed and how will it affect ecosystem
processes and ecosystatmosphere feedbacks, including thedngiogy and
greenhouse gas fluxes aMDCemissions?

The major part of the Northern PaBurasian geographical region is covered by
continuous permafrost. Even small proportional changes in the turnover of the
soil carbon stocks due to permafrost melting llwswitch the terrestrial
ecosystems from being carbon sinks to carbon sources. Accordingly very little is
known on VOC emissions related to changing permafrost. The fate of permafrost
soils in tundra is important for global climate with regard to all glesuse gases

and also on the potential VOC emissions and consequent aerosol production.
These scenarios underline the urgent need for systematic permafrost monitoring,
together with GHG and VOC measurements in various ecosystems. The treatment
of permafros conditions in climate models is still not fully developed.

Q-3 What are the structural ecosystem changes and the tipping points o the
ecosystem changes in the north?

The PEEX biogeographical domain is characterized by very different types of
ecosystemsagricultural regions, steppe, tundra, boreal forest and wetlands.
Expected climate change and increasing anthropogenic pressure will cause
substantial redistribution of bioclimatic zones, with consequent changes in the
structure, productivity and vitalitpf terrestrial ecosystems. Many of the species
found in boreal ecosystems are living at the edge of their distribution, and are
susceptible to even moderate changes in their environment. The ecosystem
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structural changes are tightly connected to adaptatioreds, and to the
development of effective mitigation and adaptation strategies. Predictions
concerning the shifting of vegetation zones are important for estimating the
impacts of the region on future global GHG, B¥QMDd aerosols budgets.
Furthemore, natural and anthropogenic stresses such as land use changes and
biotic and abiotic disturbances are shaping the ecosystems inAtigéic and

boreal regions, and have many important feedbacks to climate. In a warmer
climate, northern ecosystems may becomeseeptible to insect outbreaks,
drought, devastating forest fires and other natural evetssohuman impacts

may cause sudden or gradual changes in ecosystem functioning. The ecosystem
resilience is dependent on both the rate and the magnitude of thésages. In

some cases, the changes may lead to system imbalance and cross a tipping point,
after which the effects are irreversihle

Atmospheric system

Atmospheric
composition and
chemistry

Urban air quality,mega-
> cities and boundary
layer characteristics

Atmospheric
system

Weather and
atmospheric
circulation

Figure5 Sulstructure of atmospheric system research agenda

Q-4 What are tle critical atmospheric physical and chemical processes with | arge
scale climate implications?
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The largest anthropogenic climate forcing agents are greenhouse gases (GHGS)
and aerosol particles. Especially in thAectic there are also several possible
ampifying feedbacks related to aerosols and GHGs, which are expected to result
from the changing climate. Furthermore, th&rctic environment is highly
sensitive to changes in aerosol concentrations and composition. Concentrations
of aerosols in theArcticwinter and spring are affected byArcticK | T (Shaw,

1995); a phenomenon suggested to arise from the transport of pollutants from
lower latitudes e.g. (Stohl, 2006), and further strengthened by the strong
stratification of theArcticwintertime atmosphere

Q-5 What are the key feedbacks between air quality and climate at northern nigh
latitudes and in China?

PEEX urban environments are mainly characterized by cities in Russia and China
with heavy anthropogenic emissions from local industry, traffic and imgusnd

by the megacity regions of Moscow and Beijing with alarming air quality levels.
Bad air quality has serious health effects, and also damages ecosystems.
Furthermore, atmospheric pollutants and oxidants £SQs, NQ, BC, sulfate,
secondary orgaugi aerosols) play a central role in climate change dynamics via
their direct and indiect effect on global albedoadiative transferand cloud,
precipitation processes.

Q-6 How will atmospheric dynamics (synoptic scale weatheundary layer)
change inArcticboreal regions?

Changes in the atmospheric dynamics taking place inAhstic and boreal
regiors have severe impacts o) Ghortterm predictions of physical conditions
in the domain, and also beyond the domain, due to #iaear multiscale
interactions in the atmosphere and closely coupled-systems, and oriif long
term predictions and projections concerning the dgjeochemical systems in the
domain, and worldwide.
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Aquatic system and thérctic Ocean

Arctic Ocean

in the climate
Arctic marine
ecosystem

Aquatic
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>

Lakes and large
scale river systems
in Siberian region

Figure6 Sibstructure of aquatic systermnd theArcticOcearresearch agenda.

Q-7 How will the extent and thickness of thecticsea ice and the terrestrial sno'v
cover change?

The Arctic Ocean plays an important role in the climate system. The essential
processes related to the interaction between the ocean and the other
components of theEarth system include the aisea exchange of momentum,
heat, and matter €.g. moisture, CQ, and CH), and the dynamics and
thermodynamics of sea ice. The major issues to be studied)atee role of the
ocean in theArcticamplification of climate change, )ireasons for thércticsea

ice decline, (i)igreenhouse gas exchange beem ocean and atnaphere, and

(iv) various effects that the sea ice decline have on the ocean, surrounding
continents and aerosol budgets.

Q-8 What is the joint effect ofrcticwarming, ocean freshening, pollution loed
and acidification on thércticmarine ecosystem, priany production and carbor
cycle?

The ice cover of thércticOcean is undergoing fast changes, including a decline
of summer ice extent and ice thickness. This results in a significant increase of the
ice-free sea surface in the vegetation season, andnaneiase in the duration of

the season itself. This could result in a pronounced growth of the annual gross
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primary production GPP and phytoplankton biomass. High&PPmay in turn
cause(i) an increase iltQ fluxes from the atmosphere to the ocean afig an
increase in the overall biological production, including the production of higher
trophic level organisms and fish populations. An increase in surface water
G§SYLISNI (0 dzNB AfdticR2@NBEY TeMS yS6 & 1A8H0A Sax |
pelagic foodwebs, energy flows and biodiversity. Climatic and anthropogenic
forces at the drainage areas Afcticrivers may lead to changes in flood timing,
and to an increase in the amount of fresh water aasltbchthonousmaterials
annually delivered to the artichelves, and further to thérctic Basin. All these
processes may impact th&rctic marine ecosystems and their productivity, as
well as keybiogeochemical cycles in the region. One of the most important
potential changes in the marin&rctic ecosystems iselated to the progressive
increase of the anthropogenic impacts of oil and natural gas drilling and
transportation over the shelf areas, via the letegm backwash effect.

Q9 What is the future role of thArcticboreal lakes, wetlands and large rivi:r
systems, including thermokarst lakes and running waters of all size, in
biogeochemical cycles, and how will these changes affect societies (livelit oods,
agriculture, forestryandindustry)?

The gradient in water chemistry from the tundra to the steppe zones in Siberia
can provide insight into the potential effects of climate change on water
chemistry. In the last century, lorgnge transboundary air pollution has led to
changes in the geoemical cycles o$ulfur @), nitrogen (N), metalsand other
compounds. Furthermore, Northern Pd&urasian methane originates from
random bubbling in disperse locations. Permafrost melting may accelerate
emissions of methane from lakes. Furthermore, thera irisk of increasing toxic
blooms. In China, pollution and the shortage of water resources has become
worse during the last decades. The conservation of water resources has become
crucial for society.
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Anthropogenic activities and society
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Figure7 Sulstructure of anthropogenic activities research agenda

Q-10 How will human actions such as lamske changes, energy production, tlie
use of natural resources, energy efficiency and the use of renewable elergy
sources influence furer environmental changes in the region?

Siberia is a treasure chest of natural resources for Russia, containgoBits
prospected gas reserves, #b of its coal reserves and 66 of its oil reserves.
Siberia has more thans76 2 ¥ wdza a A % 61 s letdy apytdxiin&tely 9eb p
% of its molybdenum, platinum, and platinoides,%®f its diamonds, 7% of its
gold and 70 % of its nickel and coppe(Korytnyj 2009). The industrial
development of Siberia should be considered one of most importanedsiof
future land use and land cover changes in Russian territory.

Q11 how do the changes in the physical, chemical and biological state cf the
different ecosystems, and the inland, water and coastal areas affect the
economies and societies in the m@gi and vice versa?

The frequency and intensity of weather extremes have increased substantially
during the last decades in Europe, Russia and China. Further acceleration is
expected in the future. The evolving impacts, risks and costs of weather extremes
on population, environment, transport and industry have so far not been properly
assessed in the northern latitudes of Eurasia. Important research topics include:
analysis and improvements in forecasting of extreme weather conditions/events;
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examination ofthe effect of wildfires on radiative forcing and atmospheric
composition in the region; examination of the impacts of weather extremes on
major biogeochemical cycles; studying the impacts of disturbances in forests on
the emissions of BVOC and VONSs (Velarganic nitrogen).

In northern Eurasia, fromhe eastern part of the Barents8 to the Beringea,

the permafrost is located directly on the sea coast. In many of these coastal
permafrost areas, sea level rise and continuing permafrost degradation leads to
significant coastal erosion, and to the possibility of collapse of coastal
constructions suchs lighthouses, ports, housestc. In this region, sea level rise

is coupled to the permafrost degradation in a complex way, and should be
focused on in future studies

Q-12 In which ways are populated areas vulnerable to climate change? Ho\v can
their vuherability be reduced, and their adaptive capacities improved? W 'hat
responses can be identified to mitigate and adapt to climate changes?

Climate and weather strongly affect the living conditions of -Bamasian
a20ASGASaS Ay Tt dzS iidientebf dissagekJard haaddpie t ( K 2
capacity. The vulnerability of societies, including their adaptive capacity, varies
greatly, depending on both their physical environment, and on their demographic
structure and economic activities. PEEX assesseglifferent ways in which

societies are vulnerable to the impacts of climate change. PEEX will also help
develop mitigation strategies that do not simultaneously increase the
vulnerability of societies to climate change. More gaily, PEEX analyzes the

sdentific background and robustness of the adaptation and mitigation strategies

AMY 2F GKS NBIA2YyQa a20ASGASas gAlK alL
agriculture.
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Biogeochemical cycles and feedbacks
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Figure8 Sulstructure of feedbacks and biogghemical cycles research agenda

Q-13 How will the changing cryospheric conditions and the consequent chi nges
in ecosystems feed back to thecticclimate system and weather, including tt e
risk of natural hazards?

Q-14 Wha are the net effects of vaous feedback mechanisms iy land cover
changesi{) photosynthetic activity,iij) GHG exchange and BVOC emissiohs (
aerosol and cloud formation and radiative forcing? How do these vary with
climate change on regional amffobal scales?

Q-15 How are intensive urbanization processes changing the local and re¢ ional
climate and environment?

Feedbacks are essential components of our climate system. They either increase
or decrease the changes in climaelated parameters inthe pregnce of
external forcings (IPC2013). One of the first feedback loops to be quantified is
that connecting the atmospheric carbon dioxide concentration, ambient
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temperature, gross primary production, secondary biogenic aerosol formation,
clouds aunl radiative transfer (Kulmakt al,, 2014a,b). The Northern Pasfturasian
Arcticcboreal geographical region covers a wide range of interactions and
feedback processes between humans and natural systems. Humans are acting
both as the source of climate andngronmental changes, and as recipient of
their impacts. The effects of climate change on biogeochemical cycles are still
inadequately understood, and there are many feedback mechanisms that are
difficult to quentify. In urban and industrialed regions, lte process
understanding of biogeochemical cycles includes anthropogenic sources, such as
industry and fertilters, as essential parts of the biogeochemical cycles.
Measurements of the changes in the hydrological and biogeochemical cycles are
needed to costruct and parameterize the next generation Barth $stem
Models (EMSSs).

BEMSs are the best tools available for analyzing the effect of different
environmental changes on future climate, or for studying the role of different
processes in th&arthsystemas a whole. These types of analyzes and predictions
of future change are especially important in the high latitudes, where climate
change is proceeding the fastest, and where rgarface warming has been
about twice the global average during the recentddes.

The effects of climate change on biogeochemical cycles are still inadequately
understood, and there are many feedback mechanisms, which are difficult t
quantify (Arnethet al,, 201(,b; Kulmalaet al,, 2014a,b). They are related to, for
example, tle coupling of carbon and nitrogen cycles, permafrost processes and
ozone phytotoxicity (Arnetiet al., 2010a,b), or to the emissions and atmospheric
chemistry of biogenic vatile organic compounds (Grote amdlinemets 2008
Mauldin et al,, 2012), the subsequent aerosol formation processes, (Tumted
al., 2006 Kulmalaet al,, 2011a) and aerosalloud interactions (McComiskeynd
Feingold 2012Penneret al., 2012). For a proper understanding of the dynamics
of these processes, it is essaitto quantify the range of emissions and fluxes
from different types of ecosystems and environments, and their links to
ecosystem productivity, and also to take into considerations that there may exist
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previously unknown sources and processesdSal. 2011; Kulmala and Petja
2011 Backet al., 2010).

Atmosphere
Aquatic / Cycles and iand
Arctic Ocean Feedbacks
Anthropogene

Figure 9 One of the main objects of PEEX research agenda is to create holistic
understanding of the main processes in the di@tmosphereaquatic systems
anthropogenic continuum
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Research infrastructures (Focus2)
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FigurelO Sutstructure of Research infrastructure (Fo@)s

Coherent andcoordinated observation program and datasystems

Solutions to the interconnected global environmenpabblems can be provided

only by a harmonized and holistic comprehensive observational approach
utilizing all available modeling tools representing different spatial and temporal
scales. On the other hand all tools including models and
observational/expernental devices need to be developed further in order to
answer research questions and solve challenges. The PEEX approach uses
research methods including both experimental anddeling tools, and ranging
from nanameter and suksecond observations and prage studies to global and
decadal scale measurement activities, datasets and model simulations. The vision
of the PEEX infrastructure is to provide comprehensive, continuous and reliable
harmonized data products for forecasting services, and for the science
community.
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The PEEX research infrastructure aims to establish atéongcomprehensive

field station network in the region covering Europe particularly Scandinavia and
Baltic countries, Russia and China. The integrated measurements of the
hierarchical sttion network are designed to increase our quantitative process
understanding of the landtmosphereocean continuum, and of the impact of
anthropogenic activities on the (eco)systems. In the first phase, thebassdd
station network will be based on esting infrastructure consisting @) standard
stations including weather stations, (ii) fluFLUXNBTstations, i) flagship
stations and (ivkatellite receiving stations. The strategic focus is to ensure the
longterm continuation of advanced measments of aerosols, cloud§HG

and trace gases in the northern Eurasian area. The preliminary concept of a
hierarchical network for aguatic observations in the surrounding seas consist of
simple buoys deployed on sea ice in the open sea, sophisticategsbtesearch
vessels, flagship stations, manned drifting ice stations, and permanent coastal
and archipelago stations.

The PEEX flagship stations simultaneously measure meteorological and
atmospheric parameters, together with ecosystealevant processegincl.
carbon, nutrient and water cycles, vegetation dynamics, biotic and abiotic
stresses). Ideally, the ground station network will contain one flagship station in
all major ecosystems, in practice a station for every @300 km. The future
PEEX reseehn infrastructure will include aircraft and satellite observations,
which provide complementary (to the locatsitu observations) information on
the spatial variability of atmospheric composition (aerosols, trace gases,
greenhouse gases, clouds), andland and ocean surface properties including
vegetation and snowl/iceVice versathe PEEX infrastructure has an important
role in the validation, integration and full exploitation of satellite data on the
Earthsystem.

The cryosphere in thdrcticis changing rapidly. Measurements of the current
and past conditions of the cryosphere are made at deep boreholes, permafrost
sites, buoy/ floating stations in theArctic Ocean, onboard ships, and through
geophysical observations onboard aircraREEX is also interested in developing
coordinated observation afryospherehange and thérctic Ocean.
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The marine observations to be utilized in PEEX include ibegliu and remote
sensing observationdn-situ measurements are made, among others, oéth
ocean temperature, salinity, chemical components, and organic matter; of sea ice
and snow thickness, temperature, structure, and composition; as well as of the
marine atmosphere (temperature, humidity, winds, clouds, aerosols, chemical
composition). Theemote sensing observations will address the ocean surface
temperature,color, and wave field, as well as sea ice properties, including the ice
type, concentration, extent, thickness, and albedo, and also biological activity
(plankton biomass) parameterResearch based on these observations will be
supported by reanalyzes and experiments applying process models, operational
models, as well as regional and global climate models. Observations are made at
drifting ice stations and research cruises, as welbgsautonomous drifting
stations/buoys and moorings and (manned and unmanned) research aircraft.

The PEEX program will produce an extensive amount of observational
measurement data, publications, method descriptions amatielingresults. The

PEEX data pradt plan is built on the establishment of permanent PEEX
integrated platforms, documenting the variability of the various components of

the ecosystem (atmosphere, terrestrial, marine), and utilizing stditthe-art

data management procedures including aotatic data submission directly from

the measurement sites, data processing, quality control, and conversion to
formats used by the international user and storage communities. The PEEX data
will be harmonized with international measurement systems andadatmats,

in collaboration with existingArctic and boreal infrastructure projects such as
IASOA (Internationarctic Systems for Observing the Atmosphere), INTERACT
(international Network for Terrestrial Research and Monitoring inAhetic), the

Rusgan System of Atmospheric Monitoring (RSAM), Integrated Land Information
System, AERONET (AErosol RObotic NETwork), NDACC (Network for the
Detection of Atmospheric Composition Change, TCCON (Total Column Carbon
Observing Network), GAWMO (Global AtmospherWatch Program by World
Meteorological Organization), and European research infrastructures such as
ICOS (Integrated Carbon Observation System), ACTRIS (Aerosols, Clouds, and
Trace gases Research InfraStructure Network), SIOS (Svalbard Integrated Earth
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Observing System) and ANAEE (Infrastructure for Analysis and Experimentation
on Ecosystems).

Modeling platform

The PEEX modeling platform (MP) is characterized by -sualle approach
starting from molecular and cell level and ending at a complex integriateth
system modeling (ESM), in combination with specific models of different
processes and elements of the system, acting on different temporal and spatial
scales. PEEX takes an ensemble approach to the integration of modeling results
from different modes, participants and countries. PEEX utilizes the full potential
of a hierarchy of models: scenario analysis, inverse modeling, and modeling based
on measurement needs and processes. The models are validated and constrained
by PEEXh-situ and remote sensig data of various spatial and temporal scales
using data assimilation and tegown modeling. The analysis of the anticipated
large volumes of data produced by PEEX models and sensors will be supported by
a dedicated virtual research environment developedthis purpose.

There has been criticism that the processes, and hence parameterizations, in the
Earth system models are based on insufficient knowledge of the physical,
chemical and biological mechanisms involved in the climate system, and that the
spaial or temporal resolution of known processes is insufficient. We lack ways to
forward the necessary process understanding effectively to the ESM. Within PEEX
we will tackle this issue.
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Impact on society(Focus-3)
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Figurell Sutstructure of the PEEX Impact on society

Scenarios ancdassessments

The PEEX research agenda supports planning for climate change adaptation and
mitigation. PEEX provides scientific knowledge on natural and climatic processes,
which are needed for asssing the extent of climate risks in the future. PEEX will
accumulate scientific knowledge on how societies in Europe, Russia and China are
able to adapt and mitigate to climate change, and which issues can hamper this
process.

Services

One of the main otcomes of the PEEX Preliminary Phase is the PEEX observation
network, which will fill the current observational gap in the Northern Pan
Eurasian region and in the end prove data sewifog different types of users.

The aim is to bring the observationsétup into an international context with
standardized or comparable procedures. The development of the European
research infrastructures provides a model for the harmonized PEEX data
products, and for the calibration of network measurements with internasio
standards. PEEX will be adopt the common European data formats and
procedures for thePEEXesearch infrasctureR)) development. Furthermore,
PEEX will actively collaborate in a frame of the circumpolar projects.
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The second main area of interest ispimvide new earlywarning systems for the
Arcticboreal regions. The increasing utilization of natural resources ifthac
region, together with increasing traffic, will increase the risk of accidents such as
oil spills, as well as increasing anthrgeoic emissions to the land, atmosphere
and water systems, and cause negative land use changes in both forests and
agricultural areas. The thawing permafrost and extreme weather events both
accelerate the risk of natural disasters such as forest firesdél@nd landslides,

as well as the destruction of infrastructure such as buildings, roads and energy
distribution systems. The coherent and coordinated PEEX observation network
together with, the PEEX modeling approadlorm the backbone for the next
gengaation early warning systems across the PEEX geographical domain.

New technology

Society and basic research are tightly connected with each other. Society
provides resources for the basic research, which generates new knowledge to be
used in applied reseah. Applied research generates new innovations, which
produce welfare and new resources back to society. It is crucial to ensure that
this cycle remains healthy and is not broken in any place. PEEX is active player in
each part of this cycle. Technolodiadevelopment can answer samof the
guestions arising in I However, the whole society, including economic and
cultural aspects, must be considered in the search for sustainable answers to
grand challenges.
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Figurel2 Substructure of the PEEX Knowledge transfer
Education program

One of the first activities of PEEX will be the establishment of a PEEX education
program. The main emphasis is on facilitating the dissemination of existing
educational material, and on promoting the collaboration of national and
regional programs. PEHXends to participate in the training of researchers
throughout their career, from undergraduate and graduate studies to the level of
experts, professors and research institute leaders. Building bridges between the
different natural sciences, as well asttveen natural and social sciences, is one

of the most important goals of the international and interdisciplinary education
collaboration.

Research communities

PEEX will contribute to the building of a new, integrakeith system research
community in tke PanEurasian region by opening its research and modeling
infrastructure, and by inviting international partners and organizations to share
in its development and use. PEEX will be a major factor in integrating the
socioeconomic and natural science comriti@s to work together toward solving

the major challenges influencing the wellbeing of humans, societies, and
ecosystems in thércticboreal region.
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Raising awareness

PEEX will distribute information to the general public in order to raise awareness
on climate change, and on the human impacts at different scales of the climate
problem. This will also increase the visibility of PEEX activities in Europe, Russian
and China.
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1 OBJECTIVES AND GRAND CHALLENGES

Global warming
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Figurel3 Examples of interlinked grand challenges

SYNOPSISolving any of the Grand Challenges (climate change, air quality, ¢ cean
acidification, fresh water, food suppliesFigure 13) requires a multiscale
multidisciplinary research program linked with fast track policy making. The I°an
Eurasian Experiment (PEEX) contributes to solving global scale grand cha lenges
in the northern ParEurasian context. The PEEX appro&chphasizesthe
converging understanding of phyalcand socieeconomic processes within th :
Earthsystem, particularly in the changing pristine and urban environments ol the
northern (4°N lattude or higher) andArcticregions. The PEEX initiative aims to
be a nexigeneration natural sciences and sceiconomic research initiative
having a major impact on the future environmental, see@mnomic and
demographic development of th&rcticand boreal regions. PEEX also aims tc be
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a science community building novel infrastructures in the NorthernBParasan
region

The Earth system is facing several gletzalle environmental challenges, called

G DNJ y R / Kriglirdl®. Brarf &héllenges are the main factors controlling
the human welbeing, security and stability of future societies. All the grand
challenges are interlinked via complex feedbacks in Hath system. The
REYIYAOa 2F 3INIYyR OKFIfftSy3aSa I NBE RNJ
demographics, (ii) increasing demand for natural resources, (iii) globalization and
(iv) climate change (SmitR010). The global forces are strongly geographically
oriented and variable phenomena, depending on migration trends of human
populations, variations in the availability of natural resources, capital flows within
the economy, and the diverse impacts of the climate change including global and
regional mean teperature increase.

The Eurasian Pdaurasian Experiment (PEEX) is contributing to solving the grand
challenges in the Northern Pdfurasian contexFigire 14).

@ Boreal forest zone ?»
Continqoug,pg;mafrost
Disconﬁhuoés,péﬁll_qfrost

—— SilkRoad °“ )

g

Figure 14 PEEX geographical regiencompasses both permafrost and boreal zones.

41



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

The PEEX initiative consists of four main focus areas. Each focus area has its own
specific objectives:

Focusl PEEX research agenda

9 To understand theEarth system and the influence of environmental and
societal changes in pristine and industrialized Eamasian environments
(system understanding)

1 To determine the processes relevant to climate change, demographic
development and use of energy resources the Arcticcboreal regions
(process understanding)

Focus2 PEEX infrastructures

9 To establish and sustain lostgrm, continuous and comprehensive ground
based, airborne and seaborne research infrastructures together with satellite
data (observation comgnent).

1 To develop the new data sets and archives with continuous, comprehensive
data flows in a joint manner (data component)

I To implement the validated and harmonized data products in models of
appropriate spatial and temporakcales and topical focugmodding
component)

Focus3 PEEXnpact on society
9 To use new research knowledgegtther with the research infrasicture

services for producing:

- As reliable scenarios and assessments as possible, to support practical
solutions for addressing the graetallenges in the northern context and
in China (climate change and natural resources)

- Early warning systems for the sustainable development of societies
(demography development)

- Technological innovations needed for coherent global environmental,
technolaggical or social processes in an interconnected world
(globalization)
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Focus4 PEEX knowledge transfer

9 To educate the next generation of multidisciplinary experts and scientists
capable of finding tools for solving grand challenges

1 To increase public awaness of climate change impacts in the famasian
region

9 To distribute the new knowledge and data products to scientific communities
and the public sector

9 To deliver tools, scenarios and assessments for climate policy makers and
authorities

TECHNOLOGY

DEMOGRAPHY CLIMAGE CHANGE
Variation and movements of Human industrial activity
populations changing the chemical

- Birth rate composition of the

- Income atmosphere

- Age structure - Greenhouse gases

- Short-lived climate forcers
- Aerosol particles
- Oxidation capacity

- Migration flows

GLOBALIZATION NATURAL RESOURCES
International trade and Finite and renewable assets
capital flow - Fossil fuels, mineral

- Economic process

- Social process

- Technological process
which make world inter-
connected

resources, ground water

- Photosynthesis - carbon
fixation

- Gene pools

" - Renewable energy sources

Geoengineering - biotech - nanotech - energy
production - material sciences

Figure 15 Global forces modifying the northern regions future within next 40 years
(adapted fromSmith 2010)
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2 MOTIVATION

~_ North-West Passage (NWP)
~_ Transpolar Sea Route (TSR)
~__ Northern Sea Route (NSR)
#~__ Arctic Bridge Route (ABR)

Figurel6 Expected shipping routes in thectic(figure adapted from thércticlnstitute).

SYNOPSIBhe PEEX initiative is motivated by the fact that the Northegians

¢ land and ocean areas laea at 45°N latitude or higherg will undergo
substantial changes during the next 40 years. Even the most moderate cli nate
scenarios pedict that the northerrhigh latitudes will warm by 1.62.5°C by the
middle of the century, and by 3% by the end of the century. This is more than
twice the global average warmintPCC2013).

Coping with climate changand the transformations of icilizations and
ecosystems on a global scale aree of the ultimate challenges of the 21
century. Solving any of the grand challengasch as climate change, requires a
framework where a multidisciplinary scientific approach (i) has the required
critical mass and (ii) is strongly connected to faatk policy making. It is also
important to ensure the sustainable development of séimsienvironments and
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societies in the northern regions. This can be done by establishing coherent
research infrastructures and educational programs, and by increasing public
awareness of environmental related matters.

The northern regionsland and oceamreas located at 45¥ latitude or higher

will undergo substantial changes during the next 40 yearsnidgst recent report

by the intergovernmental panel on climate change (IPZD@3) concludes that
this pattern will continue, and that artic regionsllwvarm from 2.2+ 1.7°C up to
8.3+£1.9°C by the end of this century, depending on the future emission scenario.
It is expected that the northern regions will consequently undergo major changes
during the next 40 years (IPCXD14).

The ParEurasianArcticboreal natural environment will be very an important
area for the global climate via the albedo change, carbon sinks and emissions,
methane emissions and aerosol production via biogenic volatile organic
compounds (BVOCSs). Climate change is shakéngytnamics of the whole global
climate system, and is also triggering interlinked loops between global forces:
demographic trends, the use and demand of natural resources, and globalization.
Warming will affect demographic trends by increasing urbanipatend
migration to northern regions, and by accelerating changes in societal issues and
air quality. One major consequence of the warming of northern latitudes is
related to changes in the cryosphere, including the thawing of permafrost and
the Arctic Ocean becoming ice free part of the year. This will accelerate global
trade activities in theArctic if the northern sea route is opened for shipping
08S0G6SSy GKS 1t FydAO FyR | &MrctedgioBd NJ 9
are asourcesof majornatural resources such as oil, natural gas and minerals. The
exploitation of natural resources depends on how badly the permafrost thaw will
damage infrastructure.

One of the most stimulating visions related fvrctic warming has been the
opening of theNorthem Sea R dzi S F2NJ aKALILIA Y3 o06SGsSS
Far Eas{Figurel6). TheArcticOcean is currently covered by ice for most of the
year (from October to June), preventing ship traffic. However, the amount of sea
ice is declining rapidly. The predicted shortening of the ice cover period draws
attention to exploitable natural resourcés the region. The future role of natural
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resources of théArctic Oceanin the global energy market will be significant, as
the region may hold 2%6 or more of the world's undiscovered @ihd gas
resources (Yenikeyeff arktrysiek2007).

Along with thesdrends in human activities in the north, ecosystems will undergo
significant changes. These include the appearance of invasive species and the
extinction of existing ones, changes in ecosystem productivity and structure and
modifications in the ecosystefiss NBf S& |4 adAAyla 2N &2 dzND
gases. The latter concerns vast areas of boreal forests and peatlands,(Smith
2010). These ecosystem changes may have unpredictable consequenegs on

food webs or on interactions between different esystems and human activities.

In addition to largescale aspects related to global change, these changes also
have a regional societal dimension. This includeg. the durability of
infrastructure (power networks, buildings, ice roads) built on thawiegmafrost
areas, and issues related to ensuring the living conditions and culture of
indigenous people living in the north. A major fraction of the areas critical for
permafrostthawingin the Northern ParEurasiarArcticboreal system is situated
within Russia and China, and vast areas of the permafrost region and the boreal
forest (taiga) zone are situated in Siberia. The thawing of permafrost and the
northward shifting of the taiga zone will have significant consequences for the
climate system. The mognportant driving forces will be the predicted changes

in (i) the source and sink dynamics of greenhouse gases and (ii) biogenic volatile
organic compounds (BVOC) emissions. The taiga forests and peatland in Siberia
currently sequester a significant partf ahe global GHG fluxes. BVOC are
contributing to atmospheric aerosol and cloud formation processes, and the
magnitude of these emissions is linked to the total area of boreal forests, and to
structural changes of the forest ecosystems. The other geographarea
dominating the acceleration of climate change is thAectic Ocean and its
maritime environments. Changes in taking place in Mretic sea ice will have
both shortterm and longterm, largescale effects. The oceanographic changes
in the Arctic Ocean, sea ice coveragéirctic water flows and masses are all
teleconnected to global climate and weather dynamics.
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3 PEEX RESEARCH AGENDA (F1)

3.1 LARGISCALE RESEARCH SCHEMATICS AND QUI:STIC
OF THARCTIBOREAL REGION

Other feedbacks in
the climate system

Arctic and Boreal

warming
Forcing GE
AN
direct anthropogenic CL\MATE CH,C and Borea\
indirect anthropogenic Focus on the Arctl
natural
Changes

Boreal ecosystem
Snow
Sea and land ice

Society and human
activities

Figurel7 PEEX largscale schematics

SYNOPSIBhe PEEX research agenda is focused on understatidirmpmplex
interlinked lanatatmosphere&oceargsociety system in theéirctic boreal and
Chinesecontext. PEEX will study the changes and proces$esn byinterlinked
forces: (j radiative forcing(ii) Arcticwarming,(iii) changes and feedbacks in tt e
cryosphere,(iv) changes in society and human activitiég, feedbacks in the
climate system(vi) feedbacks in the biosphere systdfigurel7). This holistic
research approach has been adopted from the currently ongoing Nordic Ci:nter
of Excellence (NCoE) diryosphergAtmosphere Interactions in aChanging
Arcticdimate (CRAICC), but has been expanded to cover Aticand boreal
warming.
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FutureArcticclimate change, including the role of boreal forests, is a specific issue
for northern science communities and societies. There is no clear understanding
of why climate change proceeds so fast in thectic and whether or not the
amplified Arcticwarming will continue at the same rate in the future (Lu and Cai,
2010).

The main components of the system are thictic Ocean, different ecosystems

of the Northern Pa-Eurasian regions, the northern societies ameégacities
Climate change is upsetting the dynamics of the whole globalate system
inducing the warming of thércticand vast regions of boreal fores&smongthe
major consequences of warming in the tiwgrn latitudes are the changes in the
cryosphere and thércticOcean, especially changes in snow and ice covarage
The warming of the northern regions will affect societies and human activities
Economic growth related demographic trends, urbanizatimade and use of
natural resources would further increase anthropogenic greenhouse gas
emissions and concentration change of SLCF (short lived climate forcers), and
thus strengthen the forcing factors in therctic-Nordic system.
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3.2 LARGISCALE FIEEARCH QUESTIONS AND KEY TOPICS

The largescale research questions (PEB)Xconcerning the main systems and
interactionsfeedbacks are listed here. Each of the lasgeale research questions
is introduced as a key topic of the PEEX research agenda.

Land sgtem

Q1 How can the land regions and processes that are especially sensiti/e to
climate change be identified, and what are the best methods to analyze heir
responses?

Key topic: changing land ecosystem processes

Q-2 How fast will permafrost thaw proceedand how will it affect ecosysteri
processes and ecosystatmosphere feedbacks, including hydrology and
greenhouse gas fluxes?

Key topic: risk areas of permafrost thawing

Q-3 What are the structural changes and tipping points in the future evolutio 1 of
the PanEurasian ecosystem?
Key topic: ecosystem structural changes

Atmospheric system

Q-4 What are the critical atmospheric physical and chemical processes with | arge
scale climate implications in a Northern Context?
Key topic: atmospheric composition ankernistry

Q-5What are the key feedbacks between air quality and climate at northern igh
latitudes and in China?
Key topic: urban air quality, megacities and changing PBL

Q-6 How will atmospheric gnamics (synoptic scale weathdmpundary layer)
change irthe Arcticboreal regions?
Key topic: weather and atmospheric circulation
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Aquatic systemg the Arctic Ocean

Q-7 How will the extent and thickness of thecticsea ice and terrestrial sno\/
cover change?
Key topic: theArcticOcean in the climate system

Q-8 What is the joint effect ofArcticwarming, ocean freshening, pollution lozcd
and acidification on thércticmarine ecosystem, primary production and carbon
cycle?

Key topic: theArcticmaritime environment

Q9 What is the future role ofArcticbored lakes, wetlands and large river
systems, including thermokarst lakes and running waters of all size, in
biogeochemical cycles, and how will these changes affect societies (livelit oods,
agriculture, forestry, industry)?

Key topic: lakes, wetlands and largver systems in the Siberian region

Anthropogenic activities

Q-10 How will human actions such as lande changes, energy production, tlie
use of natural resources, changes in energy efficiency and the use of rene wable
energy sources influence furtheaméronmental changes in the region?

Key topic: anthropogenic impact

Q11 How do changes in the physical, chemical and biological state of the
different ecosystems and the inland, water and coastal areas affect the
economies and societies in the region aize versa?

Key topic: environmental impact

Q-121In which ways are populated areas vulnerable to climate change? Hov' can
their vulnerability be reduced and their adaptive capacities improved? V/hat
responses can be identified to mitigate and adapt to clarehanges?

Key topic: natural hazards
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Feedbackg interactions

Q-13 How will the changing cryospheric conditions and the consequent chages
in ecosystems feed back to thAecticclimate system and weatheincluding the
risk of natural hazards?

Q-14 What are the net effects of various feedback mechanisms on (i) land :over
changes (ii) photosynthetic activity, (iii) GHG exchange and BVOC emissicns (iv)
aerosol and cloud formation andadiative forcing? How do theseary with
climate change on regionahd globalscales?

Q-15 How are intensive urbanization processes changing the local and reg onal
climate and environment?

Key topicQ 1315: atmospheric comosition, biogeochemical cyclesater, C,

N, P, S.
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3.3ARCTIBOREAL LAND SYSTEEY TOPICS

3.3.1 Changing land ecosystem processes

SYNOPSISIimatic conditions influence the structure and functions ofAaditic

and boreal ecosystems. In the future, many processes are sensitively respcnding
to climate change, and affecting ecosystem produgtiand functions. fiese
changes may lead to unprecedented consequeregsin the magnitude of the
ecosystem carbon sinkshe production of aerosol precursor gases, and ihe
surface albedo.

Q1 How can the land regions and processes that are especially sensitve to
climate change be identified, and what are the best methods to analyze heir
responses?

Boreal forests are onef the largest terrestrial biomes, and account for around
one third of theEarttQ & ¥ 2 NB(&IGb&I RordstNd&idch, 2002). Nearly %0

of all boreal forests are located in the Siberian region. The forest biomass, soils
and peatlands in the boreal fords 1 2y S (123 SGKSNJ O2y aiiAdz
largest carbon reservoirs (Bolat al., 2000; Kasischke, 2000; Schepaschestko

al., 2013). This carbon stock has built up over centuries due to rather favorable
conditions for carbon assimilation by vegetatjdogether with simultaneous low
temperatures which restrict microbial decomposition. Due to their large forest
surface areas and huge stocks of carbon (~320 gigatoohearbon; GtC), the
boreal andArcticecosystems are significant players in the glatabon budget.
Further, permafrost, a dominant feature of Siberian landscapes, stores around
1672 GtC (Tarnocai al, 2009). Boreal forests also form the main vegetation
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zone in the catchment areas of large river systems, and thus they are an
important part of the global wateenergycarbon feedbacks.

The forest biomass forms a positive climate feedback via the anticipated changes
in nutrient availability and temperatures, impacting carbon sequestered both
into the aboveground biomass and the soil cartment. The Siberian forests

are currently assumed to be a carbon sink, although with a large uncertainty
range of @1 RyC yrt (Gurneyet al, 2002). However, these ecosystems are
vulnerable to global climate change in many ways, and the effects on ecosystem
properties and functioning are complicated. While higher ambied®
concentrations and longer growing seasons may increase plant gromth a
productivity, as well as the storage of carbon to soil organic magtey. Ciaiset

al. 2005, Menzekt al., 2006), warming affects respiration and ecosystem water
relations in the oppseite way (Bauerlest al, 2012 Parmentier et al, 2011).
Expectedacceleration of fire regimes might also substantially impact the carbon
balance inArcticand boreal regions (Shvidenkod Schepaschenk@013).

One example of the potentially large feedbacks is the critical role that permafrost
plays in supporting thealch forest ecotone in northern Siberia. The boreal
forests in the high latitudes of Siberia are a vast, rather homogenous ecosystem
dominated by larch. The totalrea of larch forests is aroun260 million ha, or
almost onethird of all forests in Russidarch forests survive in the sewanid
climate because of the unique symbiotic relationship they have with permafrost.
The permafrost provides enough water to support larch domination, and the
larch in turn blocks radiation, protecting the permafrost framensive thawing
during the summer season. The anticipated thawing of permafrost could
decouple this relationship, and may cause a strong positive feedback, intensifying
the warming substantially.

The ambient temperature, radiation intensity, vegetatitype and foliar area are

the main constraints for the biogenic volatile organic compounds (BVOCSs)
(Laothawornkitkulet al., 2009). This makes BVOC emissions sensitive to both
climate and land use changes, @a.increased ecosystem productivity or the
expansion of forests into tundra regions. Although the inhibitory effect of @O

the process level may be importarAyctic greening may strongly enhance the
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production of BVOCs in northern ecosystems (Arngthal., 2007 Sunet al,,
2013). Open tundra maalso act as a significant source for BVOCs, especially if
the snow cover period changes (Aaltonetnal., 2012 Faubertet al., 2012). This
would lead to negative climate feedbacks involving either aerokmid or
aerosotcarbon cycle interactions (Kulita et al, 2013;2014 Paasoneret al.
2013).

In summary, even small proportional changes in ecosystem carbon uptake and in
the turnover of soil carbon stocks can switch terrestrial ecosystems from a carbon
sink to a carbon source, with consequeithpacts on atmospheric GO
concentrations. Currently, we do not properly understand the factors influencing
carbon storage, or the links between carbon assimilation, transpiration and BVOC
production in a changing climate. What is certain is that espgdialthe high
northern latitudes, the changes in these processes may be large, and their
impacts may either amplify or decrease climate change.

3.3.2 Ecosystem structural changes and resilience

. Tundra belt

A2 Zone of arctic tundra
A3 Zone of northern standard tundra
A4 Zone of southern bush tundra

1 Taiga belt

B1 Zone of forest-tundra

B2 Zone of northern taiga

B3  Zone of middle taiga

B4  Zone of southern taiga

| B5 Transition zone from the southern taiga to
| deciduous forests

Deciduous forest belt

3 C1 Zone of deciduous forest
§ C2 Zone of forest-steppe

i

Steppe belt

D1 Zone of northern steppe
D2 Zone of middle steppe
D3 Zone of southern steppe

220282BII2EBR

2

Desert belt

E1  Zone of northern desert
E2  Zone of middle desert

(@ ; !
Figurel8 Current botanic (A, C) stato$ 2x2° cells and their potential responses (B, D) to
climate change under the climate scenario IPCC A2 (middle of the XXI). A and B are the area
of the East European Plain, C and D are the area of the Western Siberia.fi€igure
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Environmental and geographical consequences of the global warming for the East
European Plain and the Western Siberia. Edited by Nikolay Kasimoleaadd®r Kislov.
Moscow, 2011493 p. (Russian language).

SYNOPSIShe PEEX biogeographical domancharacterized by agriculture |
regions, steppe, tundra, boreal forest, wetlands, Megjties and ice fields
Expected climate change and increasing anthropogenic pressure will cause
substantial redistribution of bioclimatic zong§igure 18) with consequent
changes in the structure, productivity and vitality of terrestrial ecosystems. M any
of the species found in boreal ecosystems are living at the edge of heir
distribution, and are susceptible to even moderate changes in their environm ent.
The ecosystem structural changes are tightly connected to adaptation needs, and
to the development of effective mitigation and adaptation strategies. Predictidns
concerning the shiing of vegetation zones are important for estimating tlie
impacts of the region on future global GHG, BVOC and aerosols buc gets.
Furthermore, natural and anthropogenic stresses such as land use changes and
biotic and abiotic disturbances are shaping the®stems in theArctic and

boreal regions, and have many important feedbacks to climate. In a waimer
climate, northern ecosystems may become susceptible to insect outbre aks,
drought, devastating forest fires and other natural disasters. Also human imy acts
may cause sudden or gradual changes in ecosystem functioning. The ecosystem
resilience is dependent on both the rate and the magnitude of these change s. In
some cases, the changes may lead to system imbalance and cross a tippinc point,
after which the effets are irreversible.

Q-2 What are the structural changes and the tipping pdiuatisthe ecosystem
changes in the north?

IDSNF f R al NISy Si FftoY aly SYy@aANRYYS
environment system that can lever fe¥aching change the system. A change

at the tipping point sets in motion mutually reinforcing feedback loops that
LINR LISt (GKS adeaidsSy 2y | 02YLX SiSte yS§
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Ecosystem structural changes

A large annual variability in climate is characteristic to the northern ecosystems.
Climate variabilig impacts the species distribution and diversity, succession
regularities, the structure, growth, productivity, fertility of ecosystems, as well as
the interplay between biotic and abiotic stressors wnltiple timescalesd.g,
Lapeniset al,, 2005; Gustafsoret al,, 2010; Shvidenket al., 2013a)b). Large
vegetation shifts are anticipated in thArcticboreal region due to climate
change. As a result of warming, the growing season is lengthening, which
stimulates ecosystem gross primary protuty (GPP) and implies large
increases in the amount of biomass, following an increased carbon uptake
capacity. Due to the improved productivity, plant biomass growth is increasing,
tree lines are advancing, and previously open tundra is turning intabddund or
F2NBadz | LK SACECANBSW A ¢ 13 tetf af) ROSAYXS of Al
2013). Predictions on the extent and magnitude of this process vary significantly
(Tchebakoveet al, 2009; Hickleret al., 2012; Shvidenket al., 2013&b). It is
estimated that the northward shift of bioclimatic zones in Siberia will be as large
as 600 km by the end of this century (Tchebaketaal, 2009). Taking into
account that the natural migration rate of boreal tree species cannot exceegl 200
500 m per year, sth a forecast implies major vegetation changes in hugasre

of the region. While some other models predict less dramatic changesaf¥thn
Shugart 2005; Gustafsoret al, 2010), it is evident that all models forecast
pronounced changes in the vegetatioover, affecting forest distribution, vitality
and productivity, as well as the carbon and water cycles of ecosystems. The shifts
in vegetation productivity and distribution will also have large implications for the
composition and quantity of biogenic véila organic compound (BVOC) fluxes
(Arnethet al, 2007 Noeet al, 2011; 2012 Walteret al., 2006; Zimo\et al.,, 2006

a,b; Schuuet al., 2008).

Peatlands are a typical ecosystem in the high latitudes. They contain 20%o 30

2F GKS ¢ 2 Nicdara Wihils tadBlativeMkeeléss peatlands occupy

a small fraction, about 3, of theEartta f I yR | NBF > (KS& | NB
carbon storage, and act as small, but persistent sinks of @@l moderate

sources of CHFrolkinget al,, 2011) The storage of carbon in peat within the top

1 meter layer of soil cover in Russia is estimated at about §C5chepaschenko
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et al, 2013). The degradation of peatlands and their accelerated decomposition
are major factors in determining the source darsink strengths of peatland
ecosystems. Also, thawing of permafrost peatlands in tundra regions might
change tundra ecosystems from a stable state into a dynamically changing and
alternating landwater mosaic. The impacts of peatlands on GHG cycles may
strongly depend on such changes.

The processes underlying peatlands@hissions are complex, and depend on
severaklimate-, landscapeand vegetatioarelated variablessuch as inundation,
depth of water table, vegetation composition, management and soil
temperature. Peatlands fell under extensive management already in the distant
LI ad o h o00dz Today Ipehtland management activities range from
drainage and peat harvesting to establishing crop plantations and forests.
Complete understanding of thedimatic effects of peatland management remains

a challenging question (Maljanet al.,, 2010).

About 1% of boreal forests burn each year (Gromts2@02 Hyttebornet al.,
2005), and this number is expected to increase with climate change. Forest fires
induce large changes in ecosysteragy. the regeneration of forest stands and
the disintegration of permafrost, affecting infrastructure such as roads and
pipelines (Jafarogt al., 2013). During a fire, soil organic matter is released rapidly
to the atmasphere through combustion. In addition to the dir€e® emissions,

fire affects the ecosyster@andN balance by via the ecological controls of the C
and N cycles, as well as the structure and productivity of the-fiestforest.
Forest fires also influeesurfacealbedo, and produce large amounts of globally
distributed black carbon.

Surface albedo is affected both by changes in vegetation cover and by cryospheric
processes, such as snow and ice cover changes. The surface albedo determines
the fractionof incident solar radiation that is reflected back to the atmosphere,
andis thus a key parameter in thd ENII KQ& NI RAFYyd Sy SNH?S
vegetation cover can lead to albedo changeg. due to the lower albedo and
therefore higher net absorption of radiation of forests compared to open
vegetation. This leads to changes in the net radiation, and thus modifies the local
heat and water fluxes, affects the boundary layer conditjomsd furher also
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affects the local to larger scale climate (Sellersl., 1997). Vegetatiomelated
albedo changes, in addition to changes in the vegetation €k and BVOC
related aerosol production, lead to potentially large climate feedbacks. However,
thesefeedbacks are currently not well defined.

Modeling the expected large structural changes in vegetation will require the
development of a new generation of different vegetation models. fdrege of
such models is large from landscape models of successsoand disturbances,
coupled with ecophysiological models including zones of critical changes of
climatic and environmental indicators (Gustafs@®13), to models describing
how the microbes in permafrost respond to thaw through processes such as
respiraion, fermentation, methanogenesis, methane oxidation and nitrification
denitrification.

Ecosytem resilience, tipping points

Ecosystems are not only benefiting from climate change, but may also suffer from
increased stresses and deterioration. Resilienceans the capacityof an
ecosystem to respond to a perturbation or disturbance by resisting damage and
by recovering quickly (Holling973). Such perturbations and disturbances can
include stochastic events such as fires, flooding, windstorms or insecigtam
explosions, and human activities such as deforestation or the introduction of
exotic plant or animal species. Disturbances of sufficient magnitude or duration
can profoundly affect an ecosystem, and may force an ecosystem to reach a
threshold beyon which a different regime of processes and structures
predominates.

The northern ecosystems have developed during the Holocene under a stable,
rather cool or cold climate, with regular seasonal patterns in temperature and
precipitation. This is particulbr important for boreal forests due to the long
period of life (in unmanaged forests) or long rotation periods (in managed forests)
of major species with limited acclimation capacity. Very likely, the boreal forests
will be affected due to (i) large chargef hydrological regimes over huge
territories caused by permafrost melting; (ii) an overall warming in both winter
and summer; and (iii) acceleration of disturbance regimes, particularly fire,
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outbreaks of insects and diseases, coupled with anthropogemacts (Krankina
et al,, 1997 Shvidenkeet al., 2013,b).

Climate warming, precipitation changes during growth periods and permafrost
changes will substantially increase water stress, and consequently increase the
risk of mortality for trees. This prosse s already clearly intensified over the entire
circumpolar boreal belt (Allept al, 2010). As a consequence, ecosystems may
turn into carbon sources rather than sinks (Parmengial., 2011).

In the future, boreal forest diebacks may occur due t@ssiinfections of invasive
pathogens or herbivores, such as the autumnal md@irrita autumnata that
have previously been climatically controlled by harsh winter conditions. The
growth and life cycles of herbivores or their habitat conditions may chamge
such a way that the outbreak frequencies and intensities of previously relatively
harmless herbivore populations increadéunteret al,, 2014)

At the same time as climate is changing, boreal vegetation is also exposed to
increased anthropogenic infunces by pollutant deposition and land use changes
(Denteneret al,, 2006, Bobbinlet al, 2010 Savvaand Berninger 2010). Large
industrial complexes may lead to local forest diebacks, as has been observed in
the Kola regiond.g.Tikkanen1995 Nojd and KaupplL995 Kukkolaet al., 1997).
Societal transformations may lead to abandoning of agricultural land or
deteriorationof previously managed forests.

There is seldom a single and clear cause for forest dieback, but rather the
ecosystems areusdfering from multiple stresses simultaneously. This implies that
a single stress factor may not be very dramatic for the resilience of the system,
but when occurring simultaneously in combination with others, the system may
cross a threshold (i.e. tippirpint), and this may have dramatic consequences.
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3.3.3 Risk areas of permafrost thawing

@ cContinuous permafrost
@ Discontinuous permafrost

Figurel9 TheArcticpermafrost

SYNOPSIBhe major part of the Northern PaBurasian geographical region s
covered by continuous permafro§igurel9). Even small proportional change s

in the turnover of the soil carbon stocks due to permafrost melting will switch the
terrestrial ecosystems from carbon sinks to carbon sources. The fat: of
permafrost soils in tundra is important for global climate wittgaed to all
greenhouse gases. These scenarios underline the urgent need for syste matic
permafrost monitoring, together with GHG measurements in various ecosyst :ms.
The treatment of permafrost conditions in climate models is still not fully
developed.

Q-3 How fast will the permafrost thaw proceed, and how will it affect ecosys em
processes and ecosystatmosphere feedbacks, including hydrology and
greenhouse gas fluxes?

Permafrost (ground temperature at or below@ for over 2 years) is a very typical
characteristic of theArctic Permafrost occupies 2% of the land area in the
northern hemisphere, and 5% of land area in Russia and Canada. Due to climate
warming, also permafrost is warming and thawing, with many consequences for
carbon and water cyclinas well as ecosystem functioning. These feedbacks are
currently still insufficiently understood.
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The terrestrial biosphere is a key regulator of atmospheric composition and
climate via its carbon uptake capacity (Arnethal, 2010a,b; Heimannand
Reiclstein, 2008). The Eurasian area holds a large pool of organic carbon both in
the soil and in frozen ground, stored during the Holocene and the last ice age,
and within the living biota (both above and belowground). There is also a vast
stock of fossil carm in Eurasia. The soil carbon storage in the upper three meters
of soil of the circumpolar northern high latitude terrestrial ecosystems is
estimated to be between 1400 and 1850 RgcGuire et al., 2009). About 400 ¢

of carbon is located in currently fzen soils. This carbon was accumulated in-non
glaciated regions during the pleistocene, in what was then stdppdra
vegetation (Zimoet al., 2006€a,b). In addiion, ca.250 P& may be stored in deep
alluvial sediments below & in river deltas of the seven majdrctic rivers
(Schuuet al,, 2008). Due to these large storages, even small changes in processes
influencing carbon release and emissions can have significant impact on the
behavior of global climate.

In highlatitude ecosystems with large, immobile carbon pools in peat and soil,
the future net CQand CH exchange will depend on the extent of nesurface
permafrost thawing, the local thermal and hydrological regimes, and interactions
with the nitrogen cycle (Tarnocat al, 2009). The extra heat produced during
microbial decomposition could accelerate the rate of change in atdiver
depth, potentially triggering a sudden and rapid loss of carbon stored in carbon
rich Siberian pleistocene loess (yedoma) soils (Kistganovet al., 2008).

The permafrost dynamics may affect methane fluxes in many ways. Hot spots
such as mud ponds emitting large amounts of; @tdy form when permafrost
mires thaw. In contrast, lakes have occasionally disappeared as a result of the
intensification of soil water percolation (Smitit al, 2005). The rapid loss of
summer ice, together with increasing temperature and melting ice complex
deposits, results in coastal erosion, activation of old carbon and elevatedr@O

CH emissions from s® bottom sediments (Vonkt al, 2012). High methane
emissions have been observed from test SiberiarArcticself (Shakhovat al,
2010).
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The connection between the climate and the thermal conditions in the
subsurface layers (soil and bedrock) is atreamely important aspect in the
coming decades. The warming of the atmosphere will inevitably result in warming
of the permafrost layer, and is easily observed in deep borehole temperature
data. However, the changes depend on the soil and rock type dsawein the
porefilling fluids. As long as the pof#dl is still ice, the climatic changes are
reflected mainly in the thickness of the active layer, and in slow diffusive
temperature changes of the permafrost layer itself. In areas where the ground is
dominated by low ground temperatures and thick layers of porous soil tyggs (
alyRY aAfazr LISHGOE GKS fFdSyd KSIFG 27F
retard the final thawing. This is one of the reasons why relatively old permafrost
exists at shallow depths in higborosity soils. On the other hand, quite different
conditions prevail in lowporosity arease.g.in crystalline rock areas.
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3.4ARCTIBOREAL ATMOSPHERIC SYSKEM TOPICS

3.4.1 Atmospheric composition andhemistry

Scattering and absorption
of solar radiation
~ NO,, VOCs, CI
Solution —> Atmospheric photo-
' NH,, SO,,  chemical cycle . Sulfate haze 4 Clouds
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Figure20 Atmospheric systeninteractions.Figure alapted from Zhang (1994) and Zhang
(2007).

SYNOPSIBhe largest anthropogenic climate forcing agents are greenhouse ¢ ases
(GHGs) and aerosol particles. Especially in Ahgtic there are also severel|
possible amplifying feedbacks related to aerosols and GHGs, which are ex ected
to result from the changinglimate. Furthermore, theArctic environment is
highly sensitive to changes in aerosol concentrations and composiion.

63



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

Concetrations of aerosols in thérctic in winter and spring are affected b/
'Arctichaze' (Shawl995); a phenomenon suggested to arfsom the transport
of pollutants from lower latitudeg.g.(Stoh| 2006), andurther strengthened by
the strong stratification of thé\rcticwintertime atmosphere (Asnet al., 2012).

Q-4 What are the critical atmospheric physical and chemical procestgemrge-
scale climate implications?

Atmospheric greenhouse gases and ozone

There is an urgent need to better constrain the source and sink budgets of GHGs
(CQ, CH) in the PEEX areaarticularly in Siberia, and to quantify the
atmospheric impact ofCH emissions from the major natural ecosystems
(wetlands, permafrost). It also important to identify and observe the
anthropogenic sources of short lived pollutants (C& BT, fine particles), and to
characterize their longange transport acrosgurasa (Figure20). New data on
GHGs are needed to validate atmospheric models and land flux models. To be
successfyl the PEEX approach requires both grddased and spaeborne
instruments over the vast and currently unégocumented region of. Local
sources, especially forest fires, and their impacts on regional air quality and on
the Arcticalso need to be characterized

There are very few measuremengrograms for documenting tropospheric
composition over Siberia (Crutzehal., 1998 Ramonetet al,, 2002 Pariset al.,

2008 Sasakawat al., 2010 Kozloveet al., 2008). Therefore, large uncertainties
currently surround our knowledge of biogeochemistryand the
distributions/emissions of compounds important for tropospheric chemistry and
climate change. Relevant species that require further measurements incluge CO
and CHifor biogeochemical cycles, as well as C§afd aerosols, including black
carbon, for tropospheric composition. Other tracers also need further
investigation, including the stable isotopic composition ot @l CH, required

for the attribution of sources and sinks of these species in the studied area.
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High latitude biomes inflence the global methane budget (Bousqeetl., 2006)

in severalways, including wetlands emissions, reactivation of bacterial activity
through permafrost melting (Zimaat al., 2006a,b), bubbling in thermokarst lakes
(Walteret al., 2006) and potentiatiestabilization of methane hydrates in coastal
permafrost. In a warming climate, these altered processes are expected to feed
back into the global radiative forcing, and thus further enhance climate change.
Our current understanding of the extent and antypdie of these sources, as well

as the largescale driving factors, remain highly uncertain (Bloetral, 2010).
Anthropogenic emissions of @Hom leakages of natural gas pipelines are also
not well quantified. In addition, as northern regions of Russam, there is likely

to be additional exploitation of natural gas reserves. As a result, and due to the
lack of regional observations, it can only be conjectured from zonal gradients that
the recently resumed increase in global atmospbeCH concentratons was
initiated by unusually high temperatures at high noréne latitudes in 2007
(Dlugokencket al., 2009).

58334LIAGS {AOSNRI Q& @Fald RAYSyaizya |yl
known about whether and how the region@k budget differs fom the rest of

the northern hemisphere (Berchet al., 2013). For example,s@roduction in
boreal wildfire plumes seems to be weaker, or even turn into net destruction,
compared to fire plumes at lower latitudes (Jaffe and Wigder, 2002k may be

due to lower NQx emissions and/or more sequestration diO« as PAN
(peroxyacyl nitrates), althougRANcan produce ®@downwind. Also, given their
importance for air quality and the global greenhouse gas budget, more
atmospheric measurements otQts precursors and other pollutants over Siberia
are needed (see Elansky, 2012). These data are particularly useful for the
validation of atmospheric chemistry models and satellite products. Emissions of
NGO« and VOC(volatile organic compounds) from anmtipogenic and biogenic
sources areresponsible forOs production and/or destruction downwind of
source regions (review in HTAP, 2010). Observations iAitttecand subArctic
areas have revealed production 6k in pollution and biomass burning plumes
during transport €.9.0Oltmanset al,, 2010 Jaffe and Widge2012 Thomaset al,,

2013). Ozone destruction was also reported in some plumes from biomass
burning or anthropogenic pollutione(g. Vermaet al,, 2009 Alvaradoet al,
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2010). Ozone is lost byhptochemical destruction following photolysis, and
subsequent reaction of the formed excitatiate atomic oxygen with water
vapor. Halogen oxidation in thérctic lower troposphere (Gilmamet al., 2010,
Sommaret al, 2010) can also lead to significant @estruction, but this is
generally confined to th&rcticboundary layer in springtime. Another major sink
for Gz is dry deposition on leaves via stomatal exchanges, which is harmful for
vegetation.

Examples of research question&HGS

What are the mainanthropogenic sources of GQaerosol particles and their
precursors in Pafturasia? How they are distributed over the territory, and how
they are changing in time?

What are the climatic parameters controlling the seasonal and 4aterual
variability of egional C@concentration in the atmosphere?

Atmospheric aerosols

From a climate perspective, the most important natural aerosol type over most
of Eurasiais secondary organic aerosol (SOA) originating from atmospheric
oxidation of biogenic volatile organicompounds (BVOC) emitted by boreal
forests and possibly other ecosystems. Studies conducted in the Scandinavian
part of the boreal zone indicate that neparticle formation (NPF) associated
with BVOC emissions is the dominant source of aerosol partaiescloud
condensation nuclei during summer (Makelfial, 1997 Kulmalaet al,, 2001
Tunvedet al, 2006 Dal Mascet al,, 2008). Secondary organic aerosols associated
with BVOC emissions are expected to induce large indirect radiative effects over
the boreal forest zone (Spracklex al., 2008 Tunvedet al., 2008 Lihavaineret

al., 2009), provided that the finding®ade over Scandinavia are valid over larger
spatial scales. Continuous aerosol measurements carried out in recent years at
two west Sibeian stations has revealed both the frequency and the seasonal
dependence of the NPF events (Arshiebwal., 2012). In Siberia, NPF events take
place on about onguarter of all days, being most frequent during spring (from
March to May) and early autumnwith a secondary frequency peak in
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September). The observed seasonal pattern of event frequencies in Siberia is
similar to the one observed at Nordic stations (Dal Mesal., 2008).

Other important natural aerosol types in the PEEX domain are sea spirasral

dust and primary biogenic aerosol particles. Sea spray makes an important
contribution to the atmospheric aerosol over thrctic Ocean and its coastal
areas, and influences cloud properties over these regions. The climatic effects of
sea spray a expected to change in the future as a result of changes in the sea
ice cover and ocean temperatures (Struthetsal,, 2011). Mineral dust particles
affect regional climate and air quality over large regions in Asia, especially during
periods of high wids and moderate precipitation. Mineral dust and PBAP
particles are also effective ice nuclei (Hoose and Mohler, 2012), and have the
potential to influence the radiative and other properties of mixgaase cold
clouds in the PEEX domain.

The changes in essions of anthropogenic aerosols and their precursors in the
PEEX domain have been extensive during the last decades (Geaale2011),

and this has almost certainly contributed to the very different regional warming
patterns over these area®.g. Shindell and Faluveg2009). The main aerosol
constituents in this context are primary carbonaceous particles, consisting of
organic and black carbon, as well as secondary sulfate particles produced during
the atmospheric tragport of sulfur dioxide. Aritropogenic aerosols cause large
perturbations to the regional radiation budget downwind of major source areas
in the PEEX domain, and the resulting changes in cloud properties and
atmospheric circulation patterns may be important even far away from these
sources (Koch and Del Gen@01Q Persadet al, 2012) In the snowcovered
parts of Eirasia, longrange transported aerosols (s&é&gure21) containing black
carbonand deposited onto snow tend to enhance the spring and esutymer
melting of the snow, with concomitant warming over this region (Flareial,,

2009 Goldensoret al., 2012).

Aerosols emitted by forest fires are a special case in the PEEX domairthsince
strength of this source type depends on both climate change and human behavior
(Pechony and Shindel010), and since particles emitted by these fires have
potentially large radiative effects over the domain (Randersstoal., 2006).
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Atmospheric transport of pollutants

o,

Figure21 Relative probability for contribution tArcticBC, observed at Zeppelin station.
BC source regions determined by a PSCF model and BC measurements at Zeppelin station
during summer matis (May toOctober), 20042007. Figure from Kostas Eleftheriadis.

Atmospheric pollutants released by human activities in -aidtude
industrialized regions of the northern hemisphere are quickly moved over long
distances by atmospheric transport mechanisms.p@iticular interest is the
transport of these pollutants tércticareas(Figure21), where they can influence

the radiative budget and climate by various ways (Waeekal,, 2009). Inter
continental pollution transport has also become of increased concern due to its
potential influence on regional air quality. The impact and influence of China and
its polluted megacities o\rcticand boreal areas is one of the kégpics. To
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understand the atmegpheric transport the station network coupled with regional
and chemical transport models and remote sensing is needed.

The main pollution transport pathways differ qualitatively between North Asia
(including Sibea), WesternEurope and Nrth America. Model simulations show
that European pollutants are predominantly dispersed eastwards over Siberia in
summer, or northeastwards towards Siberia and the Artic in winter (Stohl and
Eckhardt 2004 Wild et al, 2004 Duncan and Bey004). Emissions from Europe
remain mostly below 3000 rheight/altitude during transport eastwards, and
model studiesundertaken as part of the task force on hemispheric transport of
atmospheric pollutants (FATAP), under the auspices of the conventioriang
range transport of air pollutants (CLRTAP), have shown that European pollution
is a major contributor to bekground pollutant levels oversfa €.g.Fioreet al.,
2009).

While pollutant export from North America and Asia has bekaracterizedy
intensive field campaigns (Fehsenfeldal., 2006 Singhet al., 2006), the export

and longrange transport of European pollution across Siberia has received very
little attention. Satellites provide information about spatial distributions, but
satelite retrievals often have low sensitivity in the lower troposphere (Pommier
et al, 2010), making the validation againist-situ observations imperative. In
addition, emissions from forest fires (van d@/erf et al, 2006) and from
agricultural fires in sathern Siberia, Kazakhstan and Ukraine (Koroetzal,,

2006) in spring and summer are large sources of trace gases such as CO (Nédéle
et al, 2005), as well as aerosols. These can have a significant impact on the
chemical composition of the atmospherger Siberia, and more generally on the
CO budget of the northern hemisphere (Wotaetzal., 2001).
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3.42 Urban air quality, megacities and boundary layer
characteristics

:' Michnevo
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Figure22 Example of C{concentrations in the Moscow megacity surroundings. Figure
from Nikolay Elansky.

SYNOPSIBEEX urban environments are mainly characterized by cities in F ussia
and China with heavy anthropogenic emissions from local industry, traffic and
housing, and by th megacity regions like the ones of Moscow and Beijing \ /ith
alarming air quality level@-igure22). Poorair quality has serious health effect ;,
and also damages esystems. Furthermore, atmospheric pollutants aid
oxidants (S Gs, NG, BC, sulfate, secondary organic aerosols) play a central role
in climate change dynamics via their direct and indirect effects on global allhedo
and radiative transfer.
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Q-5 What are tle key feedbacks between air quality and climate at northern t igh
latitudes and inChina?

Climaterelevant major national emission sources in the different {Eamasian
regions are important objects for assessment, with special emphase¥dit
pollution sources such as diesel stations, gas flares, and shipping.

Russian region

Among all Russian and European cities, urban air quality in several Sitiiga
(e.g.Norilsk, Barnauhnd Novokuznetskis especially alarming. In Siberian cities,
the air qudity is strongly linked to climatic conditions typical for Siberia. Stable
atmospheric stratification and temperature inversions are predominant weather
patterns for more than half of the year. This contributes to the accumulation of
different pollutants i the low layers of the atmosphere, and thus increases their
impact on ecosystems and humans. In addition to the severe climatic conditions,
manmade impacts on the environment in industrial areas and large cities
continue to increase.

The main atmospheti pollution sources in Siberia can be divided into
anthropogenic (industrial, transport, combustiorfc.) and natural (biogenic
emissions, wild fires, dust storms, sea aerosols, volcano eruptions, pollen
emission,etc.) sources, and further characterizéy different pollutant types,
characteristics and time dynamics, including local, regional, and outside sources,
and accidental releases. The main pollutants can be divided into toxic, climate
affecting and ecosystemdamaging gases and aerosolhe main eidifying
compounds in atmospheric deposition are :S6ulfate (S&) and NQ. Sulfur
dioxide emissions in land areas are mainly associated with point sosucbsas
power plants, pulp and paper industry, néerrous metal smelters, and oil and
gas procssing. Oil and gas production involves the emission of exhaust gases
containing C@ NG, SQand volatile organic compounds (VOC). Actually all these
pollutants are interlinked and the whole system is very fioear.
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China region

0 5 10 1I5 2IO 50 80
Satellite-Derived PM [ug/m3]

Figure23Global distribution oPM2.5(particulate mattePM)(van Donkelaar et §12010)
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Figure24 Map showing the anthmpogenic emission inventory of @Zbang et al., 2Q0)
and averaged activeirt dataduring 20022012 over Aia, based oModis collection 5

active fire product. The upper left corner shows the seasonal variation of the monthly

percentage of active fires during the 11 year periasteNthe colorbar from yellow to black
and size of rhnombes represent the intensity of fires per grid (Ding et al., 2013b).
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Asia is currently one of the main regions still suffering from heavy air pollution
(Figure23). Air pollution in monsoon Asia has two main characteristics. First, the
total pollutant emission rate from fossil fuel (FF) combustion sources is very high,
leading to a high concentration of primary and secondary pollutants in Asia,
especiallyin eastern China and northern India. Observations show that Asia is the
only region where the emissions of key pollutants, such ag (Riicheret al,
2005) and @(Dinget al., 2008) are still increasing. Second, in addition to the
anthropogenic FF comistion pollutants, monsoon Asia is also influenced by
intensive pollution from seasonal biomass burning and dust storms. For example,
intensive forest burning activities often take place in south Asia in spring and in
Siberia in summer, and intensive marade burning of agricultural straw take
place in the north and east China plains in J{R&gure 24). Dust storms
frequently occur in the Taklimakan @Gobi deserts in northwest China, and the
dust is often transported over eastern China, southern China, the Pacific Ocean
and even the entire globe (Nigt al,, 2014). These biomass burning or mineral
dust aerosols have been found to cause complex integzas in the climate
system, after they are mixed with the anthropogenic pollutants (Dehcal.,
2013&,b,c; Nieet al,, 2014).

China's air pollutin in 2013 was at its worst f&2 years, withl3 provinces hitting
recordhigh levels of air pollutionaccording to the ministry of environmental
protection. Nearly half of China has been hit by smog, with the south eastern
regions experiencing severe conditions. Increasingly mangsciare now
monitoring air quality in real time using meteorological toweand remote
sensing from satellites to track pollutants. In Beijing, concentrations of fine
particles in the atmosphere lva been found to be more than teimes the safe

level recommended by the WHO. This has prompted authorities to take measures
such adlimiting industrial emissions and reducing traffic across the nation. In
these cities, the haze is also so thick that it often blocks out the sun in winter,
reducing natural light and warmth significantly. As a result, local temperatures
drop, householdsise more energy for heating, and pollution gets worse, causing
respiratory diseases and eventually the hospitalization of even more people. The
country's fiveyear action plan has provisions to improve environmental
technology, planning and regulation. Thkn aims at reducing heavy pollution
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by a large margin, and at improving air quality in the BeijiranjinHebei
province, the Yangtze River Delta and the Pearl River Delta.

Figure25 Schematic figure of the interactions of abllution, planetary boundary layer
dynamics, aerosols, radiation and cloud properties under a mixture of agricultural burning
plumes and fossil fuel combustion pollutants (Ding et al., 2013b).

The worst air pollution episodes have beanostly associatedvith stagnant
weather conditions and a lower planetary boundary layer (PBL), which promotes
the accumulation of intensively emitted pollants at the ground surface.
However, studiesg(g.Dinget al, 2013b)show that the lower planetary boundary
layer dso is a result of the heavy pollution through its direct or indirect effects on
solar radiation and hence the surface sensible heat flux. The boundary kiyer
pollution feedback will further decrease the height of the PBL, and result in a
more polluied PBL (Dinegt al,, 2013 Wanget al.,, 2015). Therefore considering
the complex land surface types (city clusters surrounded by agriculture areas) and
pollution sources (FF, BB and dest.) in the China PEEX domain, improving our
understanding of this feedback is very important for the forecasting of extreme
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air pollution episodegFigure25). It is alsamportant for longterm policy making.

To understand this topic, more vertical measurements using aircraft, balloons
and remote sensing techniques, as well as advanced numerical models including
all relevant processes and their couplings, are needed.

3.4.3 Weather and atmospheric circulation

Figure26 The atmospheric dynamics in th&rcticboreal region are undergoing major
changes. Photérom EllaMaria Kyro.

SYNOPSIShanges in atmospheric dynamics taking pladherArcticand boreal
regions(Figure26) havesevere impacts or)(shortterm predictions of physica
conditions in the domain, and also beyond the domain due to-logar nulti-
scale interactions in the atmosphere and closely coupledsystems, and oriif
longterm predictions and projections concerning the {gjeochemical system::
in the domain, and worlavide.

Q-6 How will atmospheric dynamics (synopti@alscweather,boundary layer)
change in théArcticboreal regions?
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Planetary and synoptic scale weather

The driving motivation for better predictions and understanding of high impact
weather is to mitigate economic and human losses from weatk&ted natural
hazards.The key issues here are the reliability of weather forecasts, and the
extension of the timeange of useful forecasts. In Europe, this range is currently
2y @SN IS o02dzi ybdp RI@&X 6KAOK ff 242
weather related hazats, such as wind storms and extreme precipitation events
with flash floods. The timeange of useful forecasts has typically increased by a
day per decade over the past three decades (Uppt#d., 2005). The aim of PEEX

in this topic is to enhance the isntific and technical basis for maintaining and
developing these capabilities across the study domain. The challenges are related
to the ongoing environmental change and its impact on the occurrence and
predictability of weather.

Skill in predicting weattr-related natural hazards can be attributed to all
components of numerical forecasting systems: formulation of the prediction
model, exploitation of observations, and probabilistic aspects of forecasting.
Improving forecast skill calls for a balanced asb program to cover all these
aspects. Improvements in prediction model formulation include issues such as
more accurate numerical methods to solve the underlying set of thedyramic
equations, and improved parameterizations of syiid scale processe PEEX
provides a unique opportunity to better understand and quantify nearface
physical and bigeochemical processes, and thus improve the scientific basis for
model development.

Weather prediction is predominantly an initial value problem, and the initial state

for the prediction model is generated by data assimilation of observational
information into the model initial state. Volumes of observational data used daily

in operationd numerical weather predictionentersare staggering: some §000

million individual measurements from all possibtesitu and remote sensing
instruments worldwide are transmitted and used in neegal time. Observation
Y2RSEAY3 O0G@ANIdzHE AAY &0 NO2ZNWINEHRZ2YS Ay
measurements in data assimilation. For PEEX, this poses a special challenge. It is
crucial that observational data generated in the region are transmitted without
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delay to the global telecommunication system fae in operations. This should
be supported by activities directed towards a better understanding of the
measurements by observation modeling.

Probabilistic aspects of forecasting address the fact that proper risk assessment
of hazardous events cannot beased on a single forecast. It has to be
accompanied by some probability of the event, so that users can decide the risk
they are prepared to take, depending on how likely they are going to be affected
by the event, and act accordingly (Palmer and S|igga1). The development of
more accurate prediction tools supports more accurate data assimilation and
probabilistic forecasting. This, in turn, enables better characterization of
uncertainties, benefitting the users of the forecast products, and alsggtinn,
accelerating model development as uncertainties are better known.

The ongoing environmental change and its amplification in the PEEX domain pose
special challenges to the prediction of weathrefated hazards, and also longer
term impacts. This lim of thinking can be illustrated by considering the recent
changes in thércticseaice. First, they have been much more rapid than models
and scientists anticipated about ten years ago. Second, thécgeehanges have

no doubt impacted the weather contibins in the northern European region. For
instance, increased winteime snowfall in Scandinavia during 2042013 can be
partly attributed to the thermal forcing of the increasingly open sea surface in the
ArcticOcean and its impact on atmospheric didation upstream in the Atlantic
sector. This mechanism alters movements of weather patterns, and undermines
preparedness to natural hazards based on past experience. It is thus vital to
enhance routine observations, data assimilation techniques, and gedi
models in order to properly monitor the physical state of the environment.
Longerterm impacts of the reduced ice cover are largely unknown, because the
scientific community has had only little time to create new knowledge on
essential climate varidbs across the domain. To improve preparedness, new
observational evidence is thus needed to reduce uncertainties in the system
dynamics both on short and longer tinseales.

77



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

Near-surface weather

The main impacts of weathaelated natural hazards are felue to nearsurface
weather, which is particularly sensitive to condits in the lower boundary laye

and surface, such as soil temperature and moisture. The ongoing global change
affects surface conditions in th&rcticboreal region, and this is natailty linked

to changes in atmospheric circulation.

For better predictions of hazardous nesurface weather, awareness of these
important linkages and how they are implemented in prediction models is
needed. In the development of prediction models, therfaoeatmosphere
coupling is mainly built into the physical parameterizations. These need to be
continuously improved and optimized for higasolution models. Boundary layer
processes are particularly important, especially in stable conditions, and the
representation of boundary layer clouds, and their further coupling to
convection, remains an important research topic. Refined models also need
improved data assimilation systems. Linking model improvements into data
assimilation of cloud and precipitatias largely an open question, which calls for
further research. With higher resolution modeling, the surface conditions (land
use type, fraction of water, vegetation state, snow covet;.) become very
important. Investigations on how to consistently coaigurface and uppeevel

data assimilation and modeling remain highiority research issues. In summary,
PEEX can offer unique new knowledge on rmaface conditions in the study
domain. The research community needs to respond by a development effort t
improve the predictive skill and power concerning nearface weather
parameters, on timescales from daily and weekly to seasonal, annual and
beyond.

Boundary layer dynamics

Most of the landatmosphereocean processes take place in the lowest part of
the troposphere, in the planetary boundary layer (PBL). Quantification of the
behavior of the PBL over the R&irasian region is needed in the analysis of the
spatial and temporal distribution of surface fluxes, in predictions of microclimate
and extreme weather events, and in the modeling of clouds and air quality.
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Shallow, stabhstratified PBLs are typical in northern Scandinavia and Siberia,
especially in winter, and are extremely sensitive even to weak perturbations.

Atmospheric planetary boundary lasgeare strongly turbulent layers immediately
affected by dynamic, thermal and other interactions with tRartlQa a dzNJ |
PBLs are subject to diurnal variations, absorb surface emissions, control
microclimate, air pollution, extreme colds and heat wawvasg are sensitive to
human impacts. Very stable stratification in the atmosphere above the PBL
prevents compounds produced by surface fluxes or emissions from efficiently
penetrating from the PBL into the free atmosphere. Therefore, the PBL height
and turkulent fluxes through the PBL upper boundary control local features of
climate and extreme weather eventse.§, heat waves associated with
convection, or strongly stable stratification events triggering air pollution). This
concept (equally relevant to théydrosphere) illustrates the challenge and
importance of modeling and monitoring the PBL height.

The PBL height varies from dozens to thousands of meters. The PBL also controls
the dispersion and transport of atmospheric admixtures, as well as extrerde col
and heat periods (Zilitinkevighi991; Zilitinkevichet al.,, 2007 Zilitinkevich and

Esay 2009). A comprehensive inventory of the planetary boundary layer (PBL)
height over Eurasia will be carried out under PEEX, as the PBL is the layer where
most of the basic observations will be performed, and also contains the weather
the human population is exposed to.

Shallow, stably stratified PBLS, typical of winter time in northern Scandinavia and
Siberia, are especially sensitive to even weak changes. Thegfdherdeserve
particular attention, especially in conditions of environmeratatl climate change
(Zilitinkevich and Esau, 2009). Unstably stratified PBLs interact with the free
atmosphere mainly through turbulent ventilation at the PBL upper boundary
(Ziltinkevich, 2012). This mechanism, still insufficiently understood and poorly
modeled, controls the development of convective clouds, dispersion and the
deposition of aerosols and gases, which are essential features of hot waves and
other extreme weather esnts.
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The traditional view of the atmosphesmarthinteraction as fully characterized by

the surface fluxes is incompatible with the modern concept of a rsakie
climate system, where PBLs couple the geospheres, and regulate local features
of the climde. In this context the PBL height and the turbulent fluxes at the PBL
upper boundary play important roles. Good knowledge of global atmosphere
earth interactions requires investigation, observation and monitoring of all these
parameters.

Upper atmosphere

The development of diagnostic and modeling methods for adeatric
structures is important for a study of both convective and electric processes in
the lower troposphere (Shataliret al., 2005 2007). Convection in the PBL leads
to the formation of aereelectric structures, manifested in groudmhsed
measurements as shoperiod electriefield pulsations with periods from several

to several hundreds of seconds (Anisimedval., 1999 2002). The sizes of such
structures are determined by the charactergstiariation scales of aerodynamic
and electrodynamics parameters of the atmosphere, including the PBL and
surfacelayer height, as well as the inhomogeneities of the ground (water)
surface. Formed as a result of convective processes and the capture t¥eosi
and negative charged particles (both ions and aerosols) by convective elements
(cells), aereelectric structures move with the air flow along the Earth's surface.
The further evolution of convective cells results, in particular, in cloud formation.

The global electric circuifGEC)s an important factor connecting solar activity
and upper atmospheric processes with tRarthQa Sy @ANR Y YSy (i X
biosphere and the climate. Thunderstorm activity maintains this circuit, whose
appearance is depemmt on atmospheric conductance variations over a wide
altitude range. The anthropogenic impact on the GEC through aviation, forest
fires and electromagnetic pollution has been noted with great concern, and the
importance of lightning activity in climate geesses has been recognized. The
GEC forms due to two reasons: the continuous operation of ionization sources,
which provide an exponential growth of conductivity in the lower atmosphere,
and the continuous operation of thunderstorm generators, providirtggh rate

of electrical energy generation and dissipation in the troposphere. Therefore, the
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GEC is influenced by both geophysical and meteorological factors, and can serve
as a convenient framework for the analysis of possible itemections
between damospheric electrical phenomena and climate processes. Further
exploration of theGEGas a diagnostic tool for climate studies requires accurate
modelingof the GEGstationary state and its dynamics. Special attention should
be paid to the observations andhodeling of generators (thunderstorms,
electrified shower clouds, mesoscale convective systems) in the global circuit.
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3.5ARCTIBOREAL AQUATIC SYSTHK¥YY TOPICS

September 13, 2012

Figure27 Record minimum in thérctic sea ice in 2012. (NASA/Goddard Space Flight
Center Scientific Visualization Studio. The Blue Marble data is courtesy of Rédo Sto
(NASA/GSFC).

SYNOPSIBheArctic Ocean plays an important role in the climate system. ™ he
essential processes related to the interaction between the ocean and the cther
components of the Earth system include the-s#a exchange of momentun,
heat, and matter (e.g. moisture, C@ and Chk), and the dynamics andl
thermodynamics of sea ice. the major issues to be studiediptbg role of the
ocean in theArcticamplification of climate changeij)(reasons for thércticsea
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ice decline, i{i) greenhouseyas exchange between ocean and atmosphere, \nd
(iv) various effects that the sea ice decline have on the ocean, surrour ding
continents and aerosol budgets.

Q-7 How wilthe extent and thickness of thiacticsea ice and the terrestrial sno'v
cover change?

TheArcticOcean occupies a roughly circular basin, and covers an area of about
14,056,000 kri The oceanographic changes in theticseas sea ice coverage,
Arcticwater currents and massesare teleconnected to the global climate and
weather dynamis. TheArctic Ocean can influence midtitude weather and
climate. The warmer and moister atmosphere of the-fime Arctic during
autumn has been associated with enhanced autumn snow cover in AsiagfPark
al.,, 2013).

Many of the processes consideredsponsible for theArctic amplification of
climate warming are related to the ocean. Among these, the snow/ice albedo
feedback has received the most attentiang.Flanneret al,, 2011). The feedback

is largest when sea ice is replaced by open water, hatféedback starts to play

a significant role already in spring, when the snow melt on top of sea ice starts.
This is because of the large albedo difference between dry snow (albedo about
0.85) and wet, melting, bare ice (albedo about 0.40). More workeedead to
guantitatively understand the reduction of snow/ice albedo during the melting
season, including the effects of melt ponds and pollutants in the snow. Other
amplification mechanismeelated to the ocean include the increased falhter
energy lossfrom the ocean $creen and Simmond2012. Furthermore the
melting of sea ice strongly affeci$ évaporation, and hence the water vapor and
cloud radiative feedbacks (Sedkitral., 2011), andi{) the PBL thickness, which
controls the sensitivity ofhe air temperature to heat input into the PBL (Esau
and Zilitinkevich, 2010). The relative importance of the mechanisms affecting the
Arcticamplification of climate warming are not well known, but will be studied in
PEEX.
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The rapid decline ofrctic seaice cover(Figure27) has tremendous effects on
navigation and exploration of natural resources. To be able to predict the future
evolution of the sea ice cover, the first priority is to better understand theoea
behind the past and ongoing sea ice evolution. Several processes have
contributed to the decline oArcticsea ice cover, but the role of these processes
needs better quantification. PEEX will conduct further studies on the impacts of
changes in cloudover and radiative forcingséeKayet al., 2008), atmospheric

heat transport (Oget al, 2010) and oceanic heat transport (Woodgateal.,
2010). In addition, as the ice thickness has decreased, the sea ice cover becomes
increasingly sensitive to thiee-albedo feedback (Peroviatt al, 2008). Other
issues calling for more attention include the reasons for the earlier onset of the
spring melt (Maksimovich and Vihm&012), the changes in the phase of
precipitation Screen and Simmond&010), and thelargescale interaction of sea

ice extent, sea surface temperature distribution and atmosphericadyins
(cyclognesis, cyclolysiand cyclone tracks).

In addition to thermodynamic processes, another factor affecting the sea ice
cover in theArcticisthedrift of sea ice The momentum flux from the atmosphere

to the ice is the main driver of seee drift, which is poorly represented in climate
models (Rampatt al,, 2011). This currently hinders a realistic representation of
seaice drift patterns in larg-scale climate models. Furthermore, the
progressively thinning ice pack is becoming increasingly sensitive to wind forcing
(Vihmaet al,, 2012). PEEX will address the main processes that determine the
momentum transfer from the atmosphere to the sea ig&luding the effects of
atmospheric stratification and sea ice roughness.

To better understand the links between tiecticOcean and terrestrial Eurasia,
there is particular need in PEEX to study the effectarofic sea ice decline on
Eurasian weatheand climate. Several recent studies suggest that the strong sea
ice decline in theArctic has been favoring cold, snesich winters in Eurasia
(Hondaet al, 2009 Petoukhov and Semenp?010). Some studies have also
suggested a link between the sea iecline and increased autumn snowfall in
Siberia, which also tends to favor hard winters (Coéeal, 2012).
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Another poorly studied problem related to th&rcticOcean is the role of sea ice
as a source of aerosol precursors, and in gas exchange betheesctean and
GKS FTidY2aLIKSNBE® t NBf AYAYIl NB NoBhaPaA 8 &
station (Makshta®t al, 2011) showed that the shrinking sea ice cover cdigdd
the reason for increasing GQptake from the atmosphere in the annual cycle,
and for the growh of the seasonal amplitude of €&ncentrations in thérctic

Climate models project that air temperatures and precipitation will increase over
the ArcticOcean, this may also have important effects on the structure of sea ice.
Increase snow load on a thinner ice tends to cause ocean flooding, which results
in the formation of snow ice. Increased snow melt and rain, on the other hand,
results in increased percolation of water to the sne interface, where it
refreezes, forming supemposed ice (Chenet al, 2006). Snow ice and super
imposed ice have granular structures, and differ thermodynamically and
mechanically from the sea ice that currently prevails in Anetic

The changes in theéArctic Ocean have also opened some, alb&ihited,
possibilities for seasonal prediction. These are mostly related to the large heat
capacity of the ocean: if there is little sea ice in the late summer and early
autumn, this tends to cause large heat and moisture fluxes to the atmosphere,
favoringwarm, cloudy weather in late autumn and early winter (Stroeveal.,,
2012). On the other hand, the reduction of sea ice thickness may decrease the
possibilities for seasonal forecasting of ice conditions in the most favorable
navigation season in late sumer - early autumn. This is because thin ice is very
sensitive to unpredictable anomalies in atmospheric forcing. For example, in
August 2012 a single storm caused a reduction of the sea ice extent by
approximately 1 million ki
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3.5.2 Arctic marineecosystem

Figure28 Arctic sea ice north of Svalbard. Photo-Elria Kyrd

SYNOPSIShe ice cover of the Arctic OceaRigure 28) is undergoing fas!
changes, including a decline of summer ice extent and ice thickness. This 12sults
in a significant increase of the ifee sea surface in the vegetation season, ¢nd

an ircrease in the duration of the season itself. This could result in a pronou ced
growth of the annual gross primary production (GPP) and phytoplanl:ton
biomass. HigheGPP may in turn caus@) an increase in CQluxes from he
atmosphere to the ocean and)(an increase in the overall biological production
including the production of higher trophic level organisms and fish populatins.
l'y AYONBIFAS Ay adaNFIFOS 41 GSNIJ GdSYLISNI G dz
species, and change the Arctic pelagic foodbsyeenergy flows and biodiversity .
Climatic and anthropogenic forces at the drainage areas of Arctic rivers may lead
to changes in flood timing, and to an increase in the amount of fresh water and
allochthonous materials annually delivered to the artic ktes, and further to the
Arctic Basin. All these processes may impact the Arctic marine ecosystem:; and
their productivity, as well as key biogeochemical cycles in the region. One ¢ f the
most important potential changes in the marine Arctic ecosystemslase to
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the progressive increase of the anthropogenic impacts of oil and natural gas
drilling and transportation over the shelf areas, via the lb@gn backwash
effect.

Q-8 What is the joint effect of Arctic warming, ocean freshening, pollubad
and acidification on the £Kctic marine ecosystem, primary production and cark on
cycle?

The ice cover of the Arctic Ocean is undergoing fast changes, including the decline
of summer ice extent and ice thickness. Since the late 1970s and early 1980s, the
Arcticsummer ice sheet has diminished by around¢3.6 million kn3 (National

Snow and Ice Data Center, USI®) September 2012, 4% of the central Arctic
basin was open water. In august of 2007 and 2012 (the warmest years of the past
decade in the Arctic), thKara Sea South border of the permanent ice covered
areac one of the key Astic areasg was found some 7¥50 km to the north

from its mean position during the 19¢R000 period. This is equal to the distance
from Moscow to St. Petersburg. Theoretically, the appearance of nedréee
areas should result in a pronounced growth of the annual gross primary
production (GPP) and phytoplankton biomass in these areas. Anothreern is

a loss of iceich algae communities, associated with the low ice sheet surface
(Bluhm et al, 2011). The input of these communities to the GPP, primary
producer biomass, GQonsumption/flux and biomass sedimentation may be
comparable to (oeven exceed) that of the plankton algae which we expect to
bloom in icefree areas.

Another problem is related to the increase (by 1 to 2 months) of thefree
season in areas which were normally free of ice even before the pronounced
climate signal waseen in the Arctic. These areas are mostly the Arctic margin
seas. It does not seem probable that these areas will exhibit high volumes of
additional GPP, because of strong nutrient limitations after the end of the spring
bloom, and because of the low &gty of bacterioplankton (slow nutrient
regeneration) due to low temperatures (Makkaveetval,, 2010 Sazhinet al,

2010). High GPP in the second part of the vegetation season may be found only
in the (quite limited) areas impacted by riverine inflowtlre Arctic, or in areas
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of active vertical water transport (Sergeeva, 2013). Some of these areas we know
(Hill andCota 2005Sergeeva2013), but most remain unknown. It is thus evident
that the estimates of C{fluxes, and the role of the Arctic as agsible C@sink

in the context of climate change, have significant uncertainties.

The third important question is how the climatically induced increase in GPP and
phytoplankton biomass influences the productivity of higher trophic levels of the
Arctic ecogstem, including populations of interest to humans. If we consider
typical Arctic ecosystems (excluding the Barents Sea as it is mainly influenced by
the Atlantic) we found that the most important primary consumers are large
sized herbivorous copepods, whi have lifecycles synchronized with the
seasonal algae bloom (Kosobokova, 2012). Populations of these copepods leave
the upper productive layers of the water column in the middle of vegetation
season or a little bit later, and descend deeper. Currentlyave now aware of a
mechanism by which a small increase in the amount of available food in the
second part of vegetation season could significantly influence this key component
of the pelagic ecosystem. Another important component of the consumer
community is the smalisized herbivorous copepods, which are important
especially in shelf ecosystems. Theoretically, an increase in the available
phytoplankton production in fall, together with an increase in the sea
temperature, may influence the populations amallsized copepods, and
increase their role in mass and energy flow in the ecosystems. Unfortunately,
current understanding of the role of small copepods in the Arctic ecosystems is
limited (Arashkeviclet al., 2010).

Increases in Artic sea temperatuneay possibly lead to alien populations from
neighboring regions penetrating the Arctic ecosystem, forming rich regional
populations, and changing the structure and functioning of native ecosystems.
Recently, we observed an example of this: the Alaskalogloin the western
Arctic. A regime shift, including a 1.30 water temperature increase, occurred

in the Bering Sea in theidi1970s. This allowed the potlk to penetrate the
Arctic ecosystem, and occupy a place as astege species for several years
supporting one of the world largest regional fish harvests (Shuetal., 2007).

The Bering Sea ecosystem is very rich compared to the Arctic ecosystems.
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Currently, we are not aware of food sources sufficient for supporting massive
invader populationsven in case of climatimduced changes in the ecosystem.
However, the appearance of aggressivesalispecies even in low numbers may
dramatically impact the sensitive Arctic ecosystem. In any case, the problem is
very important, and also related to thesgulation of international fisheries
regulation in the Arctic under future ecosystechanges.

Climate warming in the Arctic and adjacent boreal areas will change riverine
discharge to the Arctic shelves. This will increase the impact of climate warming
on the Arctic marine ecosystems. Degradation of permafrost, soil erosion,
changes in snow cover and summer precipitation may all lead to changes in flood
timing, and also to an increase in the amount of fresh water and alhaetdus
materials, including omnic matter and nutrients, annually delivered to the artic
shelves, and further to the Arctic basin. Increased anthropogenic activities over
the drainage areas, as well as unpredictable anthropogenic catastrophes, will
result in the quick delivery of poliants and other anthropogenic signals to the
Arctic via the river streams. We have only recently begun to understand the
processes which regulate freshwatenarine ecosystems interactis in
estuarine zonesHlint, 2010). The mechanisms which determine the impact of
riverine waters over the Arctic shelves and the central dbapin, and their
dependence on specific climatic forces, are also still poorly understood. The
estuaries of large Siberian rivers are key ptafer the location of flagship
stations or permanent observation points in the PEEX program.

The progressive increase of all forms of anthropogenic impacts associated with
oil and natural gas drilling and transportation over the Arctic shelf areamijor
reason for concern for marine Arctic ecosystems today and in the future. This
concern is related to both economics and climate. The warmerraack open

the Arctic Ocean becomes, the more-ahd gaselated activities will occur.
Anthropogenicmpacts associated with the oil and gas industries will have-long
term effects because of the high sensitivity of the Arctic ecosystems. At least one
flagshipstation or observation point should be located in an Arctic area with a
high concentration of oiind gas industry.
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The listed problems and processes are of utmost importance for understanding
the coming evolution of the Arctic natural system, and the impacts of climate
change and increasing anthropogenic activities on the Arctic marine ecosystems.
There is a risk of irreversible changes in marine Arctic productivity, key
biogeochemical cycles, and the potential for -C@bsorption by marine
ecosystem. Processes involving the Arctic may also affect adjacent boreal areas.

Climate feedbacks between thequatic and atmospheric systems

The layered, stratified structure of the water column is a key characteristic of all
aquatic ecosystem types: marine, brackish and freshwater. This structure
originates from the dependence of water density on temperatuned @n ions
dissolved in the water. Water columns thus become layered according to
temperature, as well as according to the concentrations of various chemical
compounds. In general, ion concentrations are high ieams, but low in fresh
waters.Acidity (pH is usually higher in marine environments than for instance in
lakes, which in the be@al zone are naturally acididhe valuesof pH are
important for the inorganic carbon system, sinpkl determines the relative
concentrations of dissolved GChicarborates and carbonates. Oxygen, which
can originate either from the surface watatmosphere&gas exchange or from
photosynthesis, isutilized in all respiration. Layering is not only important for
biological processes, but also greatly affects heat exchandetaus the energy
budgets of aquatic ecosystems.

Cyanobacteria and algae synthesize sugars by photosynthésising solar
energy and inorganic carbon dissolved in the water. All photosynthetic organisms
can use CPas a carbon source, but some are pthd to take advantage of
dissolved bicarbonates as well. Bicarbonates can be taken up and converted to
CQ by the carbonic anhydrase enzyme. Love G@hicentrations in water can limit
photosynthesis in the same way as light and nutrient shortages. Hehee, t
growth of phytoplankton as well as the-salled biological pumpg important in
aquatic carbon sequestration in stratified aquatic ecosystenase negatively
affected by lonCQ levels. Due to its strong dependence on the dissolved carbon
source, photaeynthesis generates clear temporal as well as spatedpecially
vertical ¢ variations inCQ concentration in the water. All aquatic life, including
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large predators such as sharks and orcas, giant plankton feeding whales in
oceans, and freshwater sedislakes, is based on photosynthesis by prokaryotic
cyanobacteria or eukaryotic algae, which provides the primary source of material
and energy for the ecosystem.

As a result of photosynthesis, algae synthesize a large array of organic
compounds, includingatmospherically important VOCs. Algae produce large
amounts of DMSP a precursor ofdimethyl sulfide PMS known to be an
important sulfurcontaining compound in atmospheric aerosol formation. Since
the intracellularDMSPconcentrations in algae vary, i obvious thatDMSPis
physiologically as well as ecologically controlled, although the ultimate purpose
for its synthesis is still unknown.

The dissolution and evaporation of £&nd DMS depend on temperature, with

high temperatures enhancing evaporatiand slowing down dissolution. The
atmosphericCQ concentration, and the CQroncentration of the air that is in
equilibrium with the water C®concentration, determine the evaporation and
dissolution rates of COVOC and DMS molecules evaporate frora sater
depending to the temperature, and their concentration in the water.
Photosynthesis and the synthesis of VOCs and DMS generate strong temporal and
spatial variations in the surface concentrations of climagkevant compounds in

the oceans. These noentrations are the driving forces for the fluxes of
compounds between water and the atmosphere.

Examples of research guestions: marine ecosystems

How will Arctic sea ice extent, snow cover and permafrost change in a chariging
climate, and what are theiconnections to the climate system?

How will climate change influence fresh water and allbdmpus materials
delivery to marine FActic through the river inflow, and what are thz2
corresponding impacts on thé&rctic marine ecosystems?

What are the effects of Arctic warming and seasonal ice shrink on fetic
marine ecosystems, mainly on the primary production (the extent of the
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phytoplankton vegetation season and the corresponding carbon sink) ancl the
productivity of upper trophic level populations inding key species?

What are the joint effects of Arctic warming, pollution load and acidification on
the Arctic marine ecosystem, mainly on the primary production (algal blooms and
the consequent carbon sink through sedimentation)?

3.5.3 Lakes and largscle river systems

Figure29 Relative changes (within the area of the East European Plain (left) and Western
Siberia (right)) of the annual rivers runoff for the middle of the 21st century (reference
volume is the values for cemt climate). Figures from Kasimov and Kislov, 2011.

SYNOPSI®he gradient in water chemistry from the tundra to the steppe zolies
in Siberia can provide insight into the potential effects of climate change on w ater
chemistry. In the last century, lorrgnge transboundary air pollution has led to
changes in the geochemical cycles of S, N, metals and other compoinds.
Furthermore, northern pastEurasian methane originates from random bubbliag

in disperse locations. Permafrost melting may accelerate emissiomethane

from lakes. Furthermore, there is a risk of increasing toxic blooms. In China,
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pollution and the shortage of water resources has become worse during the last
decades. The conservation of water resources has become crucial for society.

Q-9 What b the future role of thé\rctic-boreal lakes, wetlands and large rivi:r
systems, including thermokarst lakes and running waters of all size, in
biogeochemical cycles, and how will these changes affect societies (livelit oods,
agriculture, forestry, industrg)

Water systems and GHG

The enhanced decomposition of soil organic matter may significantly affect the
transport of terrestrial carbon to rivers, estuaries and the coastal ocean. The
contribution of this process to the global and regional carbon buddsts
unknown. The role of aquatic systems as a net sink or source for atmospheric CO
is presently under debate. When precipitation or other processes transport large
volumes of organic matter from land into nearby lakes and streams, the carbon
content of this matter effectively disappears from the carbon budget of the
terrestrial ecosystem. Thus, the biological processes taking place in the terrestrial
ecosystem €.g. photosynthesis, respiration and decomposition) and in the
aquatic ecosystem are interlinked@he higher temperature response of aquatic
ecosystems compared to terrestrial ecosystems indicates that a substantial part
of the carbon respired or emitted frotthe aquatic system must be of terrestrial
origin (YvorDurocheret al., 2012).

The Northern Patcurasian region is characterized by thaw lakes, which comprise
90 % of the lakes in the Russian permafrost zdRenjanovskiet al,, 2002). The
Siberian lakesyhich are formed in melting permafrost as the temperatures rise,
have long been known to emit methane. The latest observations of the lakes in
the permafrost zone of northern Siberia indicate that they are belching out much
more methane into the atmospherthan previously thought. Rather than being
emitted in a constant stream, 9% of the methane comes from random bubbling

in disperse locations. In coming decades, this could become a more significant
factor in global climate change (Walter al., 2006).
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Water systems and pollution

The Siberian lakes situated in tundra and fotestdra zones are in general
poorly studied. In their natural state, their productivity is low, but their
ecosystems are highly sensitive to external influences. Profuse blooming of
cyanobacteria is usually associated with industrial effluents and nutrierbfiun

An assessment is needed of the impact of climate change in the northern pan
Eurasian region on increasing water trophicity, accompanied by blooms of
cyanobacteria.

The water chemistry in small lakes along a transect from boreal to arid eco
regions in European Russia is determined by a combination of physical, chemical,
and biological processes occurring both in the lakes themselves, as well as in their
catchment areas. Ithe last century, longange transboundary air pollution has

led to changs in the geochemical cycles QN metals and other compounds in
many parts of the world (Schlesing&®97. Vitouseket al., 1997ab; Kvaeveret

al., 2001; Skjelkvalest al., 2001). In the last decade, the combined effects of air
pollution and climate warming have received increasing attention (Skjelkvale and
Wright, 1998 Schindleret al.,, 2001; Alcamoet al., 2002 Sandersoret al. 2006
Feuchtmayet al, 2009 Seredaet al, 2011). The water chemistry of small lakes
without any direct pollution sources in the catchment area can be expected to
reflect regional characteristics of water chemistry, as well as global
anthropogenic processes such as climate change andrkmge ai pollution
(Mdiller et al,, 1998 Moiseenkoet al., 2001; Battarbeeet al., 2005).

The problem of environmental pollution includes as a central component the
waterborne spreading of nutrients and pesticides from agricultural areas, heavy
metals often orignating from mining areas, and other elements and chemicals,
such as persistent organic pollutants from urban and industrial areas. Shifts in
downstream loads cause changes in the river and delta dynamics. The current
groundbased stream flowgauging netwdk does not provide adequate spatial
coverage for many scientific and water management applications, including the
verification of the lanesurface runoff contribution to the recipients of intra
continental runoff. Special field laboratoriesitvjoint observation and modéhg
capabilities in hydrometeorology, sedimentology and geochemistry, are needed
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to understand the spreading of tracers and pollutants as part of current and
future global environmental fluxesee alsd-igure29).

One example is the Sx®lga river basin. The basin is located in teater of
Eurasia, extends from Northern Mongolia into southern Siberia (Russia), and has
its outlet atLakeBaikal. The Selenga river basin and lake Baikal are located in the
upstream partof the ‘eniseyRver system, which discharges into the Arctic
Ocean. Lake Baikal has the largest lake volume in the world at about 23300 km
(comprising 20% of all unfrozen freshwater in the world), hosts a unique
ecosystem (Graninal997), and is an important regional wateesource
(Garmaev and Khristoforo201Q0 Brunelloet al, 2006). There are numerous
industries and agricultural activities within the Selenga river basin, which affect
the water quality of the lake and its tributaries. Mining is wadlveloped in the
regon (e.g. Karpoff and Rosco&005 Byambaa and Tod®011), and heavy
metals accumulate in biota and in sediments of the Seldfger delta and.ake
Baikal (Boylet al., 1998 Rudneveet al., 2005).

Water systems of China

In China, the river systems are dominated by rivers flowing fromTibetan
plateau to the Pacific Ocean. Yangtse is the longest river in China, and flows from
Tibetan plateau to Shanghai. Thellow river is the second longest in China, and

it is characerizedby seasonal flooding which causes great economic and societal
loses. The AmuRver forms the northern border with Russia. The Haltiger

flows through Beijing to Tianjin, and is under heavy stress from the highly
populated and industrialized capit metropolitan region. Only one river from
China flows to the Arctic Ocean: the ERixer, which flows to the north through
Kazakhstan, across Siberian Russia, finally joinin@iHgver which flows to the
Arctic Ocean.

Climate and environmental chaeg during the last decades have caused changes
in the distribution of water resources in China. The available water resources
from the river system in northern China have decreased, and are expected to
deteriorate further, whereas irsouthern China the avlable water resources
have slightly increased (M&008). Especially regionfdoding and droughts are
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expected to increase. The situation is not much better in coastal regions, where
sea level rise is causing seawater intrusion, soil salinization aastad@rosion.
These changes are inhibiting service functions and biodiversity in coastal zones
from north to south, and are predicted to continue and become worse in the
future.

Water conservation has receid increasing attention in China, and multiplewn
projects have been initiated recently. Especially the construction of water
transfer, reservoir and irrigation schemes have received much attention, because
central and western regions of China are suffering from water shortages. These
projects are expeted to improve water usage and security, especially in
agricultural activities, and to provide sufficient water resources for local societies
(Mu et al, 2007.

Direct consequences of climatic changes and toxic water blooms

One direct consequence of climatchange is the avalanche reproduction of
toxigenic cyanobacteriaNpdularia, Microcystis, Anabaena, Aphanizomenon,
Planktonthriy and diatoms Bseudenitzschid. This occurs in ponds, lakes,
reservoirs and bays of the sea. Decay of cyanobactbBida{lara, Microcystis,
Anabaena, Aphanizomenon, Planktonthriand diatoms Rseudenitzschig
excrete especially dangerous carcinogens and neurotoxins into the water. The
toxicity of some cyanotoxins exceeds the toxicity of currently banned warfare
agents. Antidtes to these toxins do not exist at the moment.
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3.6 SOCIEECONOMIC SYSTEMEY TOPICS

3.6.1 Natural resources and anthropogenic activities

Land use and land cover changes

SYNOPSISiberia is a treasure chest of natural resources for Russidaining

85 % of its prospected gas reserves,%5of its coal reserves and &6 of its oil
reserves. Siberia has more than:?5 2 F wdza & A [9Raf itsfldad y A {
approximately 90% of its molybdenum, platinum, and platinoides, 80of its
diamonds,75 % of its gold and 7% of its nickel and coppek¢rytnyi 2009). The
industrial development of Siberia should be considered one of most impor:ant
drivers of future land use and land cover changes in Russian territory. In (Zhina
anthropogenic activitiehas focused until now on eastern part of the country
where urbanization has been intense, and its natural resources has been hi:avily
utilized. Now the governmenof China is shifting development focus on tlie
western part of the country where pristine emehment is still found. Sustainabl 3
development of natural resources utilization in the west is important aspect for
the future development of China.

Q-10 How will human actions such as lamgk changes, energy production, tlie
use of natural resources, anges in energy efficiency and the use of renewe ble
energy sources influence further environmental changes in the region?

During the 2@ century, a considerable transformation of landscapes in the
tundra and taiga zones in northern Eurasia has occurred gesult of various
industrial, socieeconomic and demographic processes, leading to the industrial
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development of previously untouched territories (Bergenal., 2013). This has

led to a decrease in the rural population and, mostly after the 1990setoases

in agricultural activity. There has also been a significant reduction in agricultural

land use (in some marginal areas of srsakle or subsistence agriculture by up

to 70 %), and its partial replacement by zonal forest ecosystems (eyai.,

2010). As a result, these areas have become active accumulators of atmospheric

CQ (Kalininaetal, H nn O ® ¢ KSasS ySg F2NBada 06daadx
form the basis for sustainable development in these regions, if relevant
management programs for the forests-established on abandoned lands are be
implemented.

Inventory of Russian forests

The d/namics of major classes of land cover, particularly forests, are documented
since 1961, when the results of the first complete inventory of Russian forests
were published. According to official statistics, the area of forests in Asian Russia
increased byaround 80 million ha during 1962009 (most of this before the
middle of the 1990s). This large increase is explained)bynproved quality of
forest inventories in remote territoriesji{ natural reforestation (mostly during

the Soviet era as a resultf forest fire suppression), andiif encroaching forest
vegetation in previously noforested land. Based on official statistics, the area
of cultivated agricultural land in the region decreased by around 10 million ha
between 1990 and 2009. After the ge 2000, the forested area in Siberia
decreased, mostly due to fire and the impacts of industrial transformations in
high latitudes (Bvidenko andSchepaschenk@®014). A critical decrease in the
forest area has also been observed in the most populatedsareith intensive
forest harvesting (particularly in the southern part of Siberia and the Far East. For
example, in the Krasnoyarsk Krai, the total area of forests decrease#bbwbile

that of mature coniferous forests decreased by 2& Overall, the tyical
processes in these regions are (Shvideekal., 2013ab):

1 A dramatic decline in the quality of forests (decrease of the area of conifer
forests; substantial reduction ithe area of forests of high productivity; the
lack of ecological technology dithe use of logging machinery leading to the
destruction of logged areas; ineffective use of harvested weod);
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1 Unsustainable use of forest resources in northern regions with undeveloped
infrastructure;

1 Insufficient governance and forest managementtlie region¢ frequent
occurrence of illegal logging, natural and humaduced disturbancestc.

Future land use and land cover changes will crucially depend on how successfully
the strategy of sustainable development of northern territories is develcgoed!
implemented. An effective system for the adaptation of boreal forests to global
OKIFIy3S ySSRa (G2 0S RS@St2LISR FyR AYLIX
of the current practices of industrial development of previously untouched
territories wouldallow for a substantial decrease in the physical destruction of
landscapes, and halt the decline of surrounding ecosystems due to air pollution
and water and soil contaminatiofe.g. Kotilaineret al. 2008)

The expected changes in the climate and envinent will have multiple and
complicated impacts on ecosystems, with consequent land cover changes. The
alteration of fire regimes and the thawing of permafrost will intensify the process
2F a3INBSY RSASNIATFTAOFGAZ2YE Ay mditple | NH
effects on soijvegetatiorgsnow interactions. For example, in a warmer climate,
mosses and other vegetation grow faster, providing better thermal insulation of
the permafrost in summer, and better feeding conditions for reindeer. However,
snow ca also more easily accumulate on thicker vegetation, thus protecting
deeper soil from cooling during the winter (Tishkov, 2012).

20K wdzaaAl Qa y2NIK FyR Stad Ll2aasSa:
2009). The resource orientation of northern andéa8 N3y wdza a Al Q& SC
has not changed for centuries, increased in the gogtiet period, and has been
influenced primarily by the product market. It is also expected that the natural
resource development sector (extraction and exploration of ndtueaources in

the region, including the forest industry in areas with sufficient infrastructure)
will continue to dominate the economy in the majority of these territories for the
next decades. However, serious sa@oological problems remain, includirag

social and ecological conflict between industrial exploitation of natural resources
and traditional forms of nature management, such as reindeer herding. It is
difficult to mitigate the negative impacts of resource utilization.
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Examples of research gsiions: land use land cover changes

How will climate change impact future lanuge in the high latitudes? How much
will this impact theEarttQda Ot A Yl 6S a&aidSyYkK

How should the appropriate classes of integrated models be improved in crder
to describe the specific features of higtitude regions?

What are the connections between land use, land cover and biomass burning in
panEurasia?

What are the regional and gbal climate and air quality effects of biomass
burning in Siberia?

What are the current and future effects of biomass burning/wild forest fires/ship
emissions on radiative forcing and atmospheric composition inAleéic and in
Siberia?

Urbanization in China

China has experienced fast urbanization in the past few decades. Because of the
rapid increase in population, and also in the fraction of the population working in
cities, the number and total area of cities in China has increased dramatically. This
development has been especially rapid in the eastern andh&sn coast areas,

such as theidgjinjicHebei area, the Yangtze River Delta and the Pearl River Delta.
Urbanization has a significant impact on radiation transfer via changes in the
surface albdo (Figure30). Therefore, fast urbanization introduces not only air
pollution issues, but also other problems such as the urban heat island effect.
Studies have repted very significant urban heatlésd effects in Chinese cities

and other studies show that urbanization may influence pri¢atfon significantly
(e.g.Wanget al, 2015). In summer, the higher air temperature in cities may also
lead to higher electrity consumption for akconditioners. This may produce
more air pollutants and carbon emissions. Also, the urban heat islands increase
the probability of heat waves in summer, and may thus have negative effects on
human health.
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Since China is still underigg fast development of cities and towns in the next 1
to 2 decades, urbanization and its impact on regional climate and sustainability is
one of the important concerns for the PEEX China domain. It is also important to
use present experience from the eastsustainable development of the west.

Figure30 Change in brightness between 193996 and 20082012. Note: red colors
indicate the development of urban areas in Chifigurefrom Han et al., 2014
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Energy production

in regions:
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Figure31 Fuel balancéor power generatiorin Russia. Figure froBityukova et al., 2010.

In Russia certain features of the fuel balance has led to increased pollution. On
average, specific emissions in northern and eastern oitiéRussia, where coal
accounts for most of the power generatigRigure31), are 3 times higher than in
cities where power is generated mainly from gas or fuel ododsaphical
location, undeveloped infrastructure, harsh climate and coal burning are the
main reasons for increased levels of anthropogenic pollution in these areas.

A crucial factor in greenhouse gas emission dynamics from energy production is
the fuel bdance. In small towns, lowapacity boiler rooms are the main source

of emissions. Usually, the lack of financial resources leads to the use -of low
quality coal and obsolete boilers. In the steppe zone of Asian Russia, Mongolia,
Kazakhstan and Buryatia,e&hmain source of emissions is the burning of harvest
residuals.
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The dynamics of GHG emissions in Russia are largely determined by the economic
conditions of productin. The economic crisis in 139M98 slowed down
environmental degradation: emissions geally decreased by 4%. However,

the underlying environmental problems not only remained unresolved, but
significantly deepened, and turned into systemic problems. The most polluting
industries were more resistant to the decline in production. Technolbgica
degradation took place, cleaning systems were eliminated, and production
shifted to parttime, and thus inefficient capacity utilization. Significant amounts

of pollution continued to be emitted from the domestic sector. Emissions
decreased in most regis of the country, and in 8% of the cities, but much
more slowly than production. As a result, the specific emissions (per product cost
at comparable prices) had grown by the end of the 1990s in all categories of cities,
except cities with more than 1 thon inhabitants (Bityukovat al,, 2010). All this

can cause negative impacts on ecosystems. For example, there are about 2
million ha of technogenic deserts around Norilsk. Norilsk is probably the biggest
smelter in the world, and produces more than 2 million tongoflutants per

year Groisman et al., 2033

The amount, precise composition and dynamics of emissions are thus largely
determined by factors inherited from the period of rapid industrialization, and
from projects carried out over 50 years ago. This combination gives riaeg® |
regional sources of emissions in a variety of cities. The fuel balance of energy
production and utilities creates a common background contamination, with
industrial specialization, and the age and quality of industrial assets, also playing
a role Theinstitutional environmentand the policies of regional authorities
determine the rate of asset modernization, which runs at different speeds and
sometimes even in different directions. Industry is the most dynamic and often
the most modernized factor inhe regional environmental situation. However,
environmental problems are often systemic, because elevated levels of
anthropogenic emissions often coincide with regions where also the natural
conditions increase pollution. This leads to a high potentiapfdtution of the
atmosphere.
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Energy production in China

China remains highly dependent on its coal reserves for domestic energy
production. It hasheen estimated that coal accounts for approximately%8of

/| KAyl Qa SySNHe@ NB & S NI énargy consumpfiond s | vy
approximately 3070 Mtoe (millions of tons of oil equivalent), of which 2050 Mtoe

is produced using coal (IE2014). Oikonsumption has risen steadily, but is still
only around 480 Mtoe. Biofuel and waste production is the thirddatgenergy
source at 215 Mtoe. Other energy sources such as gas, hydro and nuclear are still
minor forms of production. Because China has limited oil supplies, it has invested
in technologies to produce petroleum from other sources, especially from coal
via coalto-liquids production. This dependence on coal is the main reason for the
prevalent smog problem in eastern China, as many-ficed power plants and
industrial furnaces are still using old technologies with inadequate filtering
techniques. The imeased traffic in China's megacities also reduces local air
qguality. Thus, modernization of local transportation is sorely needed. Modern
cleantech solutions are urgently needed in energy production, as well as in
transportation, in order to decrease imp@oof pollution on society.

3.6.2 Natural hazards

Figure32 Fires in Central Russia (left) and Siberia and Urals (rigtllite fgures from
Valery BondyrAEROCOSMOS
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SYNOPSIShe frequency and intensity of weather extrembave increased
substantially during the last decades in Europe, Russia and China. Firther
acceleration is expected in the future. The evolving impacts, risks and co:its of
weather extremes on population, environment, transport and industry have so
far not been properly assessed in the Northern latitudes of Eurasia. Important
research topics include: analysis and improvements in forecasting of extieme
weather conditions/events; examination of the effect of wildfif@sgure32) on
radiative forcing and atmospheric composition in the region; examination of the
impacts of weather extremes on major biogeochemical cycles; studying the
impacts of disturbances in foresté the emissions of BVOC and VONSs (volz tile
organic nitrogen).

Q11 How do changes in the physical, chemical and biological state o' the
different ecosystems and the inland, water and coastal areas affect the
economies and societies in the region, ané viersa?

The northernEurasian territory is prone to natural hazards. In the future, the
frequency of natural hazards is likely to further increase due to climate change
and the consequent transformations in land cover (IPZ07). The numbeof
largehydrometeorological events in Russia that cause substantial economic and
social losses has increased by around a factor of 2 times from 2001 to 2011 (state
report, 2011). The main hazards are related to atmospheric processes on various
temporal and spatial ales: for example strong winds, floods alaghdslides
caused by heavy precipitation, fires caused by drought and extreme
temperatures. High temperatures and long droughts can substantially decrease
productivity and cause dibacks in dark coniferous foress Hurricanes occur
fairly often in the forest zone. For example, a hurricane destroyed about 78000
ha of forest in the Irkuts region in July 2004 (Vaschuk aBdvidenko 2006).
However, there are no reliable statistics on many types of natural hazards.

To build scenarios of the future frequency and properties of weatk&ated
hazards, one should first analyze the atmospheric mechanisms behind the
circulation structures responsible for these hazards: the cyclones (mostly
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responsible for relatively rapichazards such as strong winds and heavy
precipitation) and anticyclones (responsible for slow lasgale hazards such as
drought and fires). Studying the cyclone/anticyclone tracks, frequency and
intensity can provide a statistical basis for understandthg geographical
distribution and properties of the major atmospheric hazards and extremgs (
Shmakirand Popova 2006). For future climate projections, atmospheric hazards
and extremes should be interpreted from the viewpoint of cyclone/anticyclone
statistics, and possible changes in the cyclone/anticyclone geography and
frequency should be analyzed.

Fires are the most important natural disturbances in the boreal forests. Fires
strongly determine the structure, composition and functioning of the farEach
year,@ 2dzi nodpbmodp 2 2F GKS 02NBIFf PR NBa
of the EartHs land surface, this is a significant area (Kasis@®@Q Conardet

al., 2002). Climate change already substantially impacts fire regimes in northern
Eurasia. More frequent and severe catastrophic (mgdiaes have become a
typical feature of the fire regimes. Such fires envelope areas of up to a hundred
thousand hectares within large geographical regions, lead to the degradation of
forest ecosystemsgecrease the biodiversity, may spread to usually unburned
wetlands, cause large economic losses, deteriorate life conditions and health of
f 20! f LJ2 Lddzt | GA2y &z F'yR t S iReverSitle & 3 NB
transformation of the forest coer for long peiods (Shvidenko and
Schepaschenk®013). Megafires also lead to specific weather conditions over
the affected area that are comparable in size with lasgale pressure systems
(=30 million ha and more). In 1968010, the total burned area in Russian
teNNA G2 NBE A a S A hayabaitdwe thirds of thidarem nosjstied of
boreal forests. For this period, the fire carbon balance (total amount of carbon in
the burnt fuel) is estimated at 121+28yTyear? (Shvidenket al, 2011). Current
modd projections suggest that the number of fires will double by end of the
century. The extent of catastrophic fires escaping from control and the fire
intensity are also projected to increase. Due to deep soil burning, carbon
emissions from fires are predéd to increase by a factor of 2 to 4 (Gromtsev
2002 MalevskyMalevichet al, 2008 Flannganet al, 2009 Shvidenkoet al,,
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2011). During and after fires significant changes take place in the forest
ecosystem, including the soil. These changes include

1 A significant amount of biomass is combusted, and large amounts of carbon
and nitrogen are released to the atmosphere in the form of carbon dioxide,
other gases or particles (Hardenal., 2000);

9 Fire alters the microbial community structure in the sa@bk well as the
structure of the vegetation (Dooley and Tresed2012);

9 Fires determine the structure of the vegetation, succession dynamics and the
fragmentation of forest cover, tree species composition, anddrauctivity
of boreal forests

1 Fire isa crucial driver controlling the dynamics of the carbon stock of boreal
forests (dnsson andNardle 2010).

Disturbances resulting from fire, pest outbreaks and diseases also have
substantial effects on the emissions of BVOCs and volatile organic nitrogen
compounds (Isidorgv 2001), and consequently on atmospheric aerosol
formation. The acceleration of fire regimes will also affect the amount of black
carbon in the atmosphere, and thus has an effect on the albedo of the
cryosphere.

The importance of weattr extremes for the functioning and survival of northern
ecosystems, and their impacts on the environment and populations of the
regions, give rise to a large number of research questions within the PEEX
research agenda. These includg ghalysis and impvements in forecast of
extreme weather conditions/eventsijY examination of the effect of wildfires on
radiative forcing and atmospheric composition in the regidii), éxamination of

the impacts of weather extremes on major biogeochemical cycled, (
investigation of methods for including extreme effsdéh Earthsystem models,

and (v studying the impacts of disturbances in forests on emissions of BVOC and
volatile organic nitrogen.
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Health issues

In Russia, about 6% of gross emissions into thenawsphere areemitted from
stationary sources, i.e., industry and heating systems for public services. This
estimated numberis the most reliable value for emission processed 100
Russian cities, with a total population of over 95.4 million. Analyzes of the
emission dynamics in Russian cities, which are the main sources of emissions, are
extremely important for identifying factors contributing to pollutionit{isikova
andKasinov, 2012).

The quantification of the anthropogenic impacts on air quality, as well as the long
term climate impacts, is one of the research topics in PEEX. The Siberian region
contains several major productiocenters for copper, nickel and other nen
ferrous metals Norilsk, Krasnoyarsk, Murmansk, Orenburg and Bratsk. The
environmental impacts of these sites are a reason for great concern. Siberia also
contains several largeenterswith coalfired power generation, such agoitsk

in the Chelyabinsk regioras well as petrochemical and oil refining industries
(Omsk, Angarsk, Ufaprownfield oil production (Surgut, Hartansiisk) with
highly pollutingassociated petroleum gas flaringnd areas where oil extraction

is just commencing (Tomsk region).

Climate change needs to be considered together with other known population
health risk factors, including environment pollution, food security problems and
the deterioration of drinking water quality. Published studies show that climate
change influencesuman health through both direct and indirect mechanisms. In
particular, climate change leads to changes in the borders of vegetation zones
(Malkhazovaet al., 2012). This can lead to changes in the spreading areas of
infectious diseases, and change the geal epidemiological situation. These are
among the most important indirect healtelated consequences of climate
change (Malkhazovet al, 2013).

Health and air quality in China

The fraction of the population living in urban areas exceede@5id maitand
China for the first time in 2011. The total area of the urban regions also exceeded
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Kt F 27F [ KA Y KfematibraliEurésiard Acafl@my bfi$8dnces IEAS
2012). China's largecale and higlspeed urbanization and industrialization is
unigue in history. Therefore, solutions for dealing with the negative impacts of
this process do not yet exist. At the present, air pollution is severe in around 20
% of the cities in China, and especially PM2.5 air pollution has become obvious.
In China, the mvalent air pollution conditions have been estimated to lead to
the premature death of up to 2 million people annuallidME 2013), and to
shorten life expectanciesn average by 5.5 year®utdoorto-indoor transport

of air pollutants plays a major rola air quality-related mortality, since people
spend more than 906 of their time indoors (Monn anBecker 1999 Smithet

al., 2000 Dinget al, 2012 Anenberget al, 2013 Guanet al,, 2014).

The largest sources of air pollution in China aemestic and industrial
combustion, and industrial processe&chindelkt al,, 2012). The emissions from

the domestic sector in highly populated areas originate mainly from coal
combustion, and in rural areas from the combustion of agricultural residues.
Industrial emissions are mainly related to the production of bricks, cement, coke
and pig iron. In addition to primary aerosol emissions, secondary aerosol
formation is also important in determining overall aerosol mass and number
concentrations. Thus, themissions of volatile organic compounds (VOCs), as
well as regional tropospheric ozone, play a role in regional air quality. In eastern
China, natural aerosol sources such as dust emitted from deserts also play an
important role.

Permafrost degradation aml infrastructures

The degradation of permafrosfFigure 33) will cause serious damage to
infrastructure, as well as to ecastgms and water systems in therclic and
boreal regions. This damage includes, for example:

1 Damage to pipdines and buildings

1 Deformation of roads and railroads in Russimngolia and China

9 The variations in the ion distribution in soil water in young and ancient
landslides.
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9 Cryogenic landsl&s, leading to spatial and temporal changes of grass and
willow vegetation

1 Saline water is accumulated in local depressions of the permafrost table, and
F2N¥a KAIKEe alrftAyS tSyasSa 2F INRdzyR

Due to the large extent of permafrosbvered areas in th@orthern Eurasigfor
ecosystem effects, see chapteBR: Risk areas of permafrost thawing), there are
numerous infrastructural issues related to possible changes in the thickness and
temperature of the frozen part of the subsurfaceychthus its mechanical soil
properties. Climate changenduced changes in the cryosphere are probably
among the most dramatic issues affecting the infrastructure in logthern
Eurasia as the infrastructure is literally standing on permafrost. Moreoer,
interesting coupling may be related to the decreasingdoeer of the Arctic
Ocean, which results in increased humidity and precipitation on the continent,
and thus a further thickening and longer duration of the annual snow cover. Snow
is a good theamal insulator, and influences the average ground surface
temperature, thus playing a potentially important role in speeding up the thawing
of permafrost.

The increased risk of damage to local infrastructure, such as buildings and roads,
can cause signint social problems, and exerts pressure on the local economies.
Thawing permafrost is structurally weak, and places a variety of infrastructure at
risk. For example, the failure of buildings, roads, pipelines or railways can have
dramatic environmental assequences, as seen in the 1994 breakdown of the
pipeline to theVozei oilfield in northern Russia, which resulted in a spill of
160,000tonsof ol KS ¢ 2 NI RQa I NAREPlearB@RMNE.& G NA |-
Maintenance and repair costs related to permafrost thaw and degradation of
infrastructure in northern Eurasia have recently increased, and will most probably
increase further in the future. This is an especially prominent problem in
discontinuous permabst regions, where even small changes in the permafrost
temperature can cause significant damage to infrastructure. Most settlements in
permafrost zones are located on the coast, where strong erosion places
structures and roads at risk. After damage te timfrastructure, local residents

and indigenous communities are often forced to relocate. This can cause changes
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in, or even disappearances of, local societies, cultures and traditieiERY ear
Book 2013.

Figure33 Permafros degradation. (AB) Fresh thermokarst subsidendbe dwarf shrubs

have gone under water. (C) Melting permafrost edge of the bog in Northern West Siberia.
(D) Shores of lakes in tundra zone are actively melting and their areas incriagedake

is dirinking. Photos from Sergej Kirpotin/TSU.
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Changing sea environmentand the risk of accidents in coastal
regions

In northern Eurasiafrom the eastern part of the&8entsSea to theBering Sea,

the permafrost is located directly on the sea coast. In ynaf these coastal
permafrost areas, sea level rise and continuing permafrost degradation leads to
significant coastal erosion, and to the possibility of collapse of coastal
constructions such as lighthouses, ports, housés, In this region, sea leveake

is coupled to the permafrost degradation in a complex way, and should be
focused on in future studies.

Understanding and measuring of artificial radionuclides in marine ecosystems
components is needed to improve emergency preparedness capabilities, a
develop risk assessments of potential nuclear accidents. The awareness of the
general public and associated stakeholders across the region should also be
raised concerning the challenges and risks associated with nuclear technologies,
environmental raddactivity, as well as emergency preparedness.

The current state of radioactive contamination in terrestrial and marine
ecosystems in theEuropean Arcticregion will be studied by examining
environmental samples collected from Finnish Lapland, FinnmarkTamws in
Norway, the Kola Peninsula, and the Barents Sea. The results will provide updated
information on the present levels, occurrence and fate of radioactive substances
in the Arctic environments and food chains. The results will also allow us to
estimate where the radioactive substances originate from, and what risks they
may pose in case of accidents.

Annual expeditions for sample collectioffrigure 34) are needed for the
development of models to predict the distribution of radionuclides in the
northern marine environment, and for the assessment of the current state of
radioactive contamin@on in marine ecosystems in tHeuropean Arcticegion.

In view of recent developments and increased interests inElaeopean Arctic
region for oil and gas extraction, special attention needs to be given to the
analysis ofnorms (naturally occurring ragactive materials) in order to
understand current levels. The work will focus on atmospheric modelingpand
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the assessment of radionuclide distributions in the case of accidents leading to
the release of radioactive substances to the environment inEl®pean Arctic
region.Thisincludes the assessment of nuclear accident scenarios for dispersion

modeling.
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Figure 34 Stations for radiecological sampling expeditions. Figure from Gennady
Matishov.
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3.6.3 Social transformations

Figure35 Ozone pollution in Nanjing during summer. Photo from Xie Yuning (Nanjing
University).

SYNOPSIEIlimate and weather strongly affect the living conditions of -P an
9dzN) &ALy &20ASGASAT AYyTEdzSyOAy3a LI 2LX S¢
adaptive capacity. The vulnerability of societies, including their adaptive capicity,
varies greatly, depading on both their physical environment, and on their
demographic structure and economic activities. PEEX assesses the differen: ways
in which societies are vulnerable to the impacts of climate change. PEEX w Il also
help develop mitigation strategies thado not simultaneously increase th:
vulnerability of societies to climate change. More generally, PEEX analyz¢s the
scientific background and robustness of the adaptation and mitigation strate gies
6l a{ 0 2F (KS (NB Bdili2nferapadiyritd spécialerBphasis ol

the forest sector and agriculture.
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Q-12 In which ways are populated areas vulnerable to climate change? Ho\v can
their vulnerability be reduced, and their adaptive capacities improved? V/hat
responses can be identified to mitigated adapt to climate changes?

Demography

Shortlived climate forcers (SLCF), such as black carbon, oEimedg35) and
aerosol particles, are important players looth air quality and Arctic climate
change. Nevertheless, their impacts remain poorly quantified. The climate effects
of SLCFs are tightly connected to cryospheric changes and associated human
activities. Black carbon has a special role when designingefetmission control
strategies, since it is the only major aerosol component whose reduction is likely
to be beneficial to both climate and human health. Health issues are also
important in multidisciplinary studies of north Eurasia, as the living conditad

both humans and livestock are changing dramatically. These changes can be
expressed through complex parameters combining the direct effects.@f
temperature and wind speed with indirect effects of several climatic and non
climatic factors such abke atmospheric pressure variability, or the frequency of
unfavorable weather events such as heat waves or strong winds. During the last
decades, living conditions in Northern Eurasia have generally improved, but with
significant regional and seasonal &ion (Zolotokrylinet al., 2012).

Both northernand easérn Russia have small and diminishing populations, mainly
due to migration outflow in thel990sdue to severeand unfavorable living
conditions combined with an economic crisis. This reversed theique long
standing pattern of migration inflow. The combination of outflow and natural
population decrease (with some regional exceptions in several ethnic republics
and autonomous regions (OKRUGS) with oil and gas industry) led to a steady
population dedine in most regions in northern and eastern Russia from 1990. In
the postsoviet period, the population of eastern Russia decreased by 2.7 million,
GKATS (KS LI LlMtticzonke gegreadetl bywekedyyoneQhird (500
000 people), incontrasi 2 G KS Y I 22 NMicicteritdriesi(®lézer, s 2 N.
2007ab). The population change in northeastern Russia was particularly
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remarkable: the Chukotka autonomous Okrug lost%8of its population, the
Magadan Oblast 5% and the Kamchatka Krai 33

Geographical and ethnic factors influence the demography and settlement
pattern in the region. Geographical factors include the environmental conditions
and the mixture of urban and rural territories. Ethnicaltyo different local
communities exist in mbhern and eastern Russiindigenous, mainly nomadic
people, and relatively newly arrived migrants, mainly Russians, Ukrainians and
Tatars. The two communities are composed of quite different people, with
specific physiological traits, ways of adaptatibtm natural conditions, and
patterns of interactions with the environment. Therefore, the influence of
climate and other natural changes on these two types of communities should be
studied separately.

Areas with a large proportion of indigenous people eoyeld in traditional

nature management were exposed to relative small psstiet transformations

Ay GKS mdpdnQa YR HnnnQad Ly O2y{iN}adG:
areas with a larger proportion of Russian people and developed mining
industries The differences in the transformations between settlements with
predominantly indigenous and predominantly Russian populations are evident.

For example, in the Chukotka autonomous Okrug, the former remain mostly

intact, with only small decreases in deased population, while the latter have
disappeared entirely, or been significantly depopulated (Litvine@Ra2 2013).

When assessing the impacts of climate change and other environmental changes
on human societies, it should be taken into account ting urban environments

in many Russian and Chinese cities and towns in the economically poorer regions
are currently undedeveloped, and therefore incapable of mitigating
unfavorable impacts. Different climate parameters, such as temperature
(including sasonal, weekly and daily gradients, and extreme values), strong
winds, snowfall, snowstorms, and precipitation should be investigated. Both the
frequency and the duration of weather events should be considered. These
climate parameters influence human h#al the incidence of diseases, the
adaptation potential, and economic development in general.
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Integrating assessments for mitigation and adaptation with other
research

Emissions Implementation
Mitigation

Concentrations Mitigative capacity

+ +

Climate change —> Climate variability

Non-climatic factors

* * * (i)
Exposure Sensivity Adaptive capacity
+ + Adaptation
Impacts ‘ -Facilitaﬁon

Vulnerability

Figure36 A framework for assessing climate change impaatinerability and adaptation.
Figure alapted from Fissel and Kle2006and Klein and Juhal2014

The development of adaptation and mitigation strategies (AMS) is a complicated
task. PEEX will tackle this challenge using new methodologies of applieasys
analysis. Adaptation and mitigation will be considered simultaneously, while
accounting for the large uncertainties in both physical and social systems, and the
different characteristics and needs of the heterogeneous regions of the PEEX
domain. Sed-igure36 for a schematic of the AMS development process.

Despite the importance of urban regions, thiegve been studied relatively little

in the conext of dobal environmental change (The Urbanization and Global
Environmental Change (UGE®2)12). The majority of research has focused on
the effects of urban areas on global climate changedenzweigt al,, 2010),
whereas the impact of climate changa urban areas has been examined less.
The latter is particularly important as the focus of climate research on climate
change adaption, and the need for information related to climsg¢asitive urban
design and planning, are both increasing. Future Rasgrritorial and urban
planning should be based on research, and on scenarios of natural change and
hazards. Substantial amounts of relevant geographic data already exist, and
should be incorporated into interdisciplinary studies. The PEEX program should
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become a source of reliable data for zoning and urban planning iAtbiEc and
boreal ParEurasian areas based on-¥@ar forecasts. Some particular traits of
urban areasd.g.their location, structure and population density) may make their
residents ad assets especiglivulnerable to climate chang&everal cities have
now begun to prepare climate change adaptation strategies (Riletiab, 2009,
Hunt and Watkiss 2011). These strategies have taken different kinds of forms,
with most focusing on identifying local vulnerabilities, and designing adaptation
measures to reduce those vulnerabilities (SaneRedriquez 2009). A survey
conducted among Russian reggmeveals thatonly fewof them havestartedto
formulate adaptation strategies, whereas mitigation plans swdarfully lacking
(Skryzhevska et aR015).

The PEEX largeale science questions are focused on supporting the
development of regional strategigfor climate change adaptation and mitigation.
Given the dramatic character of the expected climate changes and their impacts
on the environment, living conditions, population health and ecosystem services,
adaptation ¢ reducing the vulnerability of sodies and ecosystems to climate
changeg is one of the most important socieconomic challenges of the northern
Eurasian region. Adaptation includes both the adaptive capacity of ecosystems,
and the socieeconomic preparedness to carry out planned adaptaticeasures.
Adaptation and mitigation measures can be effective if they are part of a wide
strategy involving all relevant sectors of the national economy, and if they are
combined in a common political and institutional framework. The PEEX research
agendathus also examines the ongoing political and institutional arrangements
for addressing climate change.

It is important to explore the interactions between environmental change and
postsoviet transformations of natural resource utilization in northerndsia in

order to assess the complexity of their soeicological consequences at regional

and local levels (Litvinenk@012 Tynkkynen 2007; 2009; 2010; 20}3The
population dynamics ofarthern Russian regions in 1998012, and the linkage
between inta-regional differences in population dynamics, spatial
transformations of natural resources utilization, and ethnic composition of the
L2 Lddzt F GA2yas &dK2dzZ R 6S OfFNAFASR® L
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gFNYyAy3a aeaidsSye ¥ 2fhe degalve sosi@cldgidal effects A 3 |
of both environmental changes, and changes in the availability of natural
resources. Such systems would be useful for federal, regional and local
authorities, as well as for local communities.

Environment and ethnodiversity

Ethnodiversity is defined as the variation of mankind in terms of a combination
of biological, cultural and linguistic features called ethnic markers. Ethnic markers
divide mankind into a limited number of ethnic groups, lea¢ which represents

a unique combination of ethnic markers. For various reasons, ethnic groups are
in practice easiest to define in terms of linguistic features. In most cases, a group
of people sharing a unique language also forms a unique and cohetlenic

group.

In the current global process of climate change and environmental deterioration,
ethnodiversity is among the most threatened aspects of human heritage. There
are currently still around 60@F000 different languages and cultures in the
world, but this number is decreasing bya every week. Depending on the
method of calculation, 40 to 8% of global ethnodiversity is already immediately
endangered, and if nothing is done to enhance continuing diversity, orgdfo

the currently existinggthnic groups will outlive the 2fcentury.

The extent of endangerment and extinction among ethnic groups may be even
greater than that of the parallel process observed in the biosphere. The impact
of both types of endangerment is similar. In the shamrthe loss of an ethnic
group would seem to mean just as little as the loss of an individual biological
species, but in the long run every loss is irreparable and irreplaceable. With each
loss of a language, and the accompanying system of cultural beritae are
losing an unknown potential that just might turn out to have been essential for
the survival of mankind.

Behind the loss of ethnodiversity lie the same factors as behind environmental
deterioration and climate change. The crucial underlyindofacand the most
difficult to manage, is the massive overpopulation of the globe. In order to
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preserve both biodiversity and ethnic diversity, it is necessary to simultaneously
reduce total consumption, and focus on sustainable sources of energy and food.

{AyOS (GKS YI22NARGE 2F GKS g2NIRQa SiKy
culturally specialized methods of subsistence, any change in their immediate
environment may lead to their traditional way of life becoming unsustainable.

These changes may lokeie to rising sea levels, warming sea water, melting ice

cover, thawing permafrost, flooding rivers, changing rain patterns or moving
vegetational zones. These are direct effects of climate change and environmental
deterioration on ethnodiversity.

Even nore threatening are the indirect effects. Since the overpopulated planet is
dependent on a limited amount of natural resources, the immediate environment
of small ethnic groups is vulnerable to the adverse impact of majority populations
representing goverments and nations. The effects of climate change may lead
to rapid and massive transfers of majority populations to areas previously
inhabited by small ethnic groups. Mines, pipelines, roads and new urban centers
essentially have negative impacts on ethiasity, but these processes may
alsopromote new sociceconomic solutions as they challenge local communities
to figure out novehpproachego cope with the changée.g. Tynkkyner2007).

These problems are global, and can be observed on all continexept
Antarctica. However, they are in some respects particularly acute in the-trans
Eurasian geographical zone covered by PEEX, which comprisésctieeand
pacific sea coasts, the Eurasian permafrost area, and several large rivers of both
Siberia andChina. Ethnodiversity should therefore be among the parameters
constantly monitored by PEEX.

EXAMPLES OF RESEARCH QUESTIONS

What are the most probable trajectories of shifting bioclimatic zones due to
climate and other environmental changes? How wilistimpact the actual
redistribution of major land cover classes?
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Given the expected changes, what is the strategy for transition to sustair able
land use?

What are the regional specifics of the expected acceleration of disturbance
regimes (wildfire, outbrels of insects and diseases)? How will this acceleration
impact interactions between ecosystems and the environment?

What is the buffering capacity and adaptation potential of boreal forests? How
will the expected climate and other environmental changes doipthe
functioning and vitality of boreal forests? How will it impact biodiversity?

What is the probability of notinear changes in the functioning and vitality of
ecosystems at high latitudes (in particular, what is the probability of boreal
forests acing as a tipping element)?

What are the specific features needed for a transition to sustainable agriculture?

What is the capacity of societies to mitigate emissions and adapt to clirnate
change?

What future pathways leading to social transformations ¢snidentified for
societies in the PEEX area?

How is ethnodiversity changing?
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3.7FEEDBACKS, INTERACTIONS AND BIOGEOCEMIC/\L
CYCLES

SYNOPSIBeedbacks are essential components of our climate system, as they
either increase or decrease the changes in climratated parameters in the
presence of external forcings (IRQG13). One of the first feedback loops to |e
guantified is related to the mbient temperature and gross primary producticn
(Kulmalaet al., 2014ab). The northern PattEurasiamArctiocboreal geographica
region covers a wide range of interactions and feedback processes bet veen
humans and natural systems. Humans are acting both as the source of cl mate
and environmental changes, and as recipient of their impacts. The effec:s of
climate diange on biogeochemical cycles are still inadequately understood, and
there are many feedback mechanisms that are difficult to quantify. In urban and
industrialized regions, the process understanding of biogeochemical crcles
includes anthropogenic sourcesjch as industry and fertilizers, as essential p¢ rts
of the biogeochemical cycles. Measurements of the changes in the hydrolc gical
and biogeochemical cycles are needed to construct and parameterize the next
generation ofearth SystemModels.

Q-13 How willchanging cryospheric conditions and the consequent changi:s in
ecosystems feed back to tiectic climate and weather systems, including tlie
risk of natural hazards?

Q-14 What are the net effects of various feedback mechanisms in (i) land :over
changes ()i photosynthetic activity, (i) GHG exchange and BVOC emissiol s (iv)
aerosol and cloud formation and radiative forcing? How do these vary with
climate change on regional and global scales
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Q-15 How are intensive urbanization processes changing the locategional
climate and environment?

Feedbacks and interactions

The PEEX research approach emphasizes a holistic understanding of feedbacks ir
the climate andEarthsystem, and their impacts on the biogeochemical cycles in
the Northern ParEurasian regionThe continental biosphere, including Northern
PanEurasia, plays an important role in the climate system via-&ntsphere
processes of carbon dioxide and other greenhouse gases (Heimann and
Reichstein2008 Ballantyneet al,, 2012). Furthermore, boia forests are acting

as a major source of natural aerosol particles and their precursors (P2665
Guentheret al, 2012). Research in the PEEX domain is strongly focused on
understanding links between temperature, £@oncentrations and aerosol
formation processes, while keeping in mind that human activities are strongly
affecting natural processes in the lagegtmospherecontinuum (see the PEEX
large-scale research schematics in chapter 3.1)

Several holistic feedback loop hypotheses have been presefbr example the

G/ [12¢ FTSSRol O1 0SisSS Eartihatg su§gdted & & (
by Charlsoret al.(1987). The CLAW hypothesis connects ocean biochemistry and
climate via a negative feedback loop involving cloud condensation nuclei
production due to sulfur emigsns from plankton €.g. Quinn andBates, 2011).
Following this line of thought, one of thrrost interesting hypothesis in the PEEX
domain is the secalled continental biosphe@erosotcloud;climate (COBACC)
feedback (Kulmala@t al., 2004 2014). The COBA@Epothesis suggests two
partly overlapping feedback loop@igure 37) that connect the atmospheric
carbon dioxide concentration, ambient temperature, gross primary production,
biogenic secondary organic aerosol formation, clouds and radiative transfer.
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Figure37 The two loops associated with the continental biosphaesosotcloud;climate

(COBACC) feedback. BVOC=biogenic volatile organic compounds, SOA=secondary organic
aerosol, CS=the condensation sink (a measure of the agtsXi A Of S LJ2 LJdzt | (A 2
remove vapors from the air by condensation);=Aotal aerosol surface areaq\#total

aerosol volume, CCN=cloud condensation nuclei, CDNC=cloud droplet number
concentration, and GPP=gross primary productivity, whiglmieasure of ecosystestale
photosynthesis (Kulmala et a22014a,b).

Biogeochemical cycles

The effects of climate change on biogeochemical cycles are still inadequately
understood, and there are many feedback mechanisms which are difficult to
quantify (Arnethet al., 2010s; Kulmalaet al,, 2014a,b). They are related to, for
example, the couplingf carbon and nitrogen cycles, permafrost processes and
ozone phytotoxicity (Arnetlet al., 2010a,b), or tothe emissions and atmospheric
chemistry of biogenic volatile organic compounds (Graxe Niinemets 2008
Mauldin et al, 2012), subsequent aerobformation processes (Tunvest al,
2006 Kulmalaet al, 2011a) and aerosalloud interactions (McComiskegnd
Feingold 2012Penneret al, 2012). For a proper understanding of the dynamics
of these processes, it is essential to quantify the rangenaoigsions and fluxes
from different types of ecosystems and environments, and their links to
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ecosystem productivity, and also to take into consideration that there may exist
previously unknown sources and processesdSal., 2011, Kulmala and Petéja
2011 Backet al., 2010).

3.7.1. Hydrological cycle

Heat flux
Sun

G,
&)
Heat flux de"sab- .
4 _ Condensatily

DEP?SIUO.n/ Precipitation Evaporation i
Sublimation P Evapotransplrahon
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--Soj
r;‘:::: Grfxwty L Water ane?(lt:/non SU,)% 2 Sc?!l’ moisture
xdramage Water table \N,,O Vegetation-— flux
Recharge O\
Open water Internal soil
Groundwater flow Internal moisture flux
heat flux

Figure38 Schematic figure of the hydrological cycle.

SYNOPSI$he water, or hydrological, cycl&igure38) is composed of many
different elements. These include evaporation of water from the surface of the
ocean and bare soil, evapotranspiration from vegetation, transport of witer
vapor in the atosphere, cloud droplet formation and cloud dynamics, liquid ¢ nd
solid precipitation, glaciers and snow cover dynamics, surface and river r noff,
and subsurface processes such as root dynamics in vegetation and grounc water
flow. Climate change may profoulydaffect most elements of the hydrologiciu
cycle, giving rise to positive or negative feedbacks. While variations in the

125



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

hydrological cycle often take place at regional or local sca&les \(ariations in
ecosystem composition or runoff processes), thag also give rise to lareggcale
or even global changes.

The hydrological cycle is closely linked to other biogeochemical cycles. Climate
change will alter the hydrological cycle, affecting all processes connected to the
transport of water €.g. evapotrangiration, atmospheric transport, phase
transition, cloud formation, precipitation and its spatial distribution, melting and
formation of sea ice, ocean currentgeneral circulation of the atmospherand
permafrost thawing and dynamics). Since hydrology also vital for
biogeochemical cycles, and for the lateral fluxes of elements such as carbon,
nitrogen, sulfur and phosphorus between terrestrial and aquatic ecosystems,
changes in hydrology due to climate change are of crucial importance. In aquatic
ecoystems, heat fluxes can also be impacted, which in turn afiegtgransfer
efficiencies of carbowontaining gases such as £ CH.

Precipitation is a critical component of the hydrological cycle and it has great
spatial and temporal variability. Thack of understanding of some precipitation
related processes, combined with the lack of global measurements of sufficient
detail and accuracy, limit the quantification of precipitation. This is especially true
in the highlatitude regions, where observians and measurements are
particularly sparse, and the processes poorly understood.

Recent retrievals of multiple satellite products for each component of the
terrestrial water cycle provide an opportunity to estimate the water budget
globally (Sahoet al., 2011). Global precipitation is retrieved at very high spatial
and temporal resolution by combining microwave and infrared satellite
measurements (Huffmaat al. 2007, Joyceet al., 2004 Kummerowet al., 2007,
Sorooshiaret al,, 2000). Largescale estimates of global precipitation have been
derived by applying energy balance, process and empirical models to satellite
derived surface radiation, meteorology and vegetation characteristicsKisher

et al, 2008 Mu et al, 2007 Sheffieldet al, 2010 Suet al, 2007). The water
storage change component can be obtained from satellite data, and the water
level in lakes and large scale river systems can be estimated from satellite
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altimetry with special algorithms developed for testrial waters (Berret al,,
2005 Troitskayeet al,, 2012 2013 Velicogneet al., 2012).

9B YLX S8 2F NB&ESHNDK l[dSadirzysa b FeRN

What are the future changes in the natural and perturbed hydrological cycles
from semiarid to Arcticzones in the Pafturasian region?

Will climate change accelerate the hydrological cycle in theERaasian region
andhow will this affectprecipitation patterns?

How is wetland hydrology affected by climate change?
How does ecosystem productivity changith changes in the hydrological cycliz?

How are the large river systems changing due to temporal and spatial changes in
precipitation patterns?

To what extent will the increases in winter precipitation (which will come pertly
as snow) affect the carbotul in the PEEX domain?

How will the thawing of permafrost in the PEEX domain affect the hydroloical
cycle (runoff)?

How will variations of theArctic seaice extent ocean affect the hydrological
cycle?

What is the future role of thércticboreal lakes ad large river systems, including
thermokarst lakes and running waters of all size, in the biogeochemical cycles,
and how will these changes affect societies (livelihoods, agriculture, forestry,
industry and processes in thgcticshelf ecosystems)?
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3.7.2 Carbon cycle

Gasflux ~ Change in fluxes over time

Forest growth  Forest fire and f T H H H

i insect damage CO, CH, Increase Decrease No change

f Lakes and ponds

with vegetation
Phytoplankton

Figure39 Carbon cycling in the Arctic will change as the climate walgsire after ACIA
(2004). (Impacts of a Warming Arctic: Arctic Climate Impact Assessment (ACIA) Overview
Report)

SYNOPSISlimate warming could change carbon cycling inAtaic (Figure39).
Boreal forests may absorb more carbon dioxide from the atmosphere. Howi:ver,
there is little knowledge on the criticaupply of recycled nutrients. Carbcn
dynamics may also change due to increased forest fires and insect dariage,
releasing more carbon to the atmosphere. The role of borealAmtic lakes and
catchment areas in carbastorage is unclear.

The terrestrial biosphere is a key regulator of atmospheric chemistry and climate
via its carbon uptake capacity (Arnegt al, 2010b; Heimannand Reichstein
2008). The Eurasian area holds a large pool of organic carbon both within
above and belowgroundiving biota, in the soil, and ie frozen ground, stored
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during the Holocene and the last ice age. The area also contains vast stores of
fossil carbon. According to estimates of carbon fluxes and stocks in Russia made
as partof a full carbon account of the laretosystem (Shvidenket al., 2010
Schepaschenket al, 2011; Dolmanet al., 2012), terrestrial ecosystems in Russia
seived as a net carbon sink of Q7 RY(C) per year during the last decade.
Forests provided abou®0 % of this sink. The spatial distribution of the carbon
budget shows considerable variation, and substantial areas, particularly in
permafrost regions and in disturbed forests, display both sink and source
behavior The already clearly observable greaniof the Arcticis going to have

large consequences on the carbon sink in coming decades (Mghahj 1997,

Zhou et al, 2001). The net biome productivity is usually a sensitive balance
between carbon uptake through forest growth, ecosystem heterotrophi
respiration, and carbon release during and after disturbances such as fire, insect
outbreaks or weather events such as exceptionally warm autumns ERiab,

2008 Vesalaet al, 2010). This balance is delicate, and for example in the
Canadian borealofest, the estimated net carbon balance is close to carbon
neutral due to fires, insects and harvesting cancelling the carbon uptake from
forest net primary production (Kurz and Api995 Kurzet al., 2008).

Although inland waters are especially importas lateral transporters of carbon,
their direct carbon exchange with the atmosphere;cailed outgassing, has also
been recognized to be a significant compohém the global carbon budget
(Bastvikenet al., 2011). In the boreal pristine regions, foredtcatchment lakes
can ventca.10 % of the terrestrialee (net ecosystem exchangtjus weakening

the terrestrial carbon sinkHuotari et al, 2011). There is a negative relationship
between lake size and gas saturation, and especially small lakesralatiaely
large source o€Q andCH (e.g.Kortelaineret al,, 2006 Vesala 2012). However

on a landscape level, large lakes can still dominateGhisfluxes. Small lakes
also store relatively larger amounts of carbon in their sediments than larger lakes.
The role of lakes as lotgrm sinks of carbon, and simultaneously as clear
emitters of carborcontaining gases, is strongly affected by the physicthe
water column. In lakes with very stable water columns and anoxic hypolimnion
sediments, carbon storage is especially efficient, but at the same time these types
of lakes emit CH In general, the closure of landscalewel carbon balances is
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virtually impossible without studying the lateral carbon transfer processes, and
the role of lacustrine ecosystems as GHG sources/sinks. Besides lakes, these
studies should include rivers and streams, which could be even more important
than lakes as transport roas of terrestrial carbon, and as emitters@HG. Also

the role of VOCemissions as a part of the carbon budget needs to be quantified.

Plant growth and carbon allocation in boreal forest ecosystems depend critically
on the supply of recycled nutrientsithin the forest ecosystem. In the nitrogen
limited boreal andArcticecosystems, the biologically available nitrogen {kiktl

NGs) is in short supply, although the flux of assimilated carbon belowground may
stimulate the decomposition of nitrogeoontaining soil organic matter (SOM),
and the nitrogen uptake of trees (Dralet al, 2011 Phillipset al, 2011). The
changes in easily decomposable carbon could enhance the decomposition of old
soi organic matter (Kuzyakov, 201KRarhuet al., 2014), and thusncrease the
turnover rates of nitrogen in the rhizosphere, with possible growtthancing
feedbacks on vegetation (Phillipsal,, 2011).

Specific research questions: carbon cycle

What are the main sources and sinks of carbon in permafrost aneppamafost
regions?

How do the volatile organic carbon (VOC) emissions, the amount of secondary
organic aerosols (SOA), and the structure of ecosystems change with changing
climatic conditions?

How do different disturbances (fires, insects and harvests) difféneir effects
on the greenhouse gas, VOC and pollutant balance in the PEEX domain?

How do elevated atmospheric ozone concentrations affect vegetation and the
carbon cycle in boreal and Arctic areas?
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3.7.3 Nitrogen cycle

o N-fixation /
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Figure40 Schematic figure for nitrogen cgcl

SYNOPSIEmission of reactive nitrogen (NO, N®IONO, ammonia, amine: )
from soils fossil fuel burning and other sources links the nitrogen cycle to
atmospheric chemistry and secondary aesb$ormation in the atmosphere
There are indications that emissions ofNfrom the melting permafrost region ;
in the Arctic may significantly influence the globalbudget and contribute tc
the positive radiative forcing by greenhouse gases.

Nitrogen & the most abundant element in the atmosphere. However, most of the
atmospheric nitrogen is in the form of inertzNwhich is unavailable most for
plants and microbes, and can only be assimilated into terrestrial ecosystems
through biological & fixation Canfieldet al, 2010) (Figure40). Only certain
organisms living in symbiosis with plants are capable of nitrogen fixation, making
nitrogen the main growtHimiting nutrient in terrestrial ecosystems. Human
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perturbations to the natural nitrogen cycle have, however, significantly increased
the availability of nitrogen in the environment. These perturbations mainly stem
from the use of fertilizers in order to increaseopr production to meet the
demands of the growing population (Europedlitrogen Assessment2010),
though atmospheric nitrogen deposition may also play a significant role in some
areas. The increased use of fertilizer nitrogen, and consequent perturbétions
nitrogen cycling, also cause severe environmental problems such as
eutrophication of terrestrial and aquatic ecosystems, atmospheric pollution and
ground water deterioration (European Nitrogen Assessm2010).

In natural terrestrial ecosystems, nitreg availability limits ecosystem
productivity, linking the carbon and nitrogegates together closely (Gruber and
Galloway 2008). The ongoing climate change raises temperatures, and therefore
accelerates nitrogen mineralization in soils, leading to increased N availability and
transport of N from terrestrial to aquatic ecosystems, and potentially to large net
increases in thearbon uptake capacity of ecosystems. The large surface area of
boreal and Arctic ecosystems implies that even small changes in nitrogen cycling
or feedbacks to the carbon cycle may be important on the global scale (Erisman
et al, 2011). For instance, emeased atmospheric nitrogen deposition has led to
higher carbon sequestration in boreal forests (Magretral.,, 2007). This increase
can, however, largely be offset by the simultaneously increased sdl N
emissions (Zaehlet al, 2011). In the Arcticthere are indications that the high
emissions of BD from the melting permafrost (Rep al.,, 2009 Elberlinget al,,

2010) may significantly influence the globalO\budget.

Emission of reactive nitrogen (NO, NEIONO, ammonia, amines) from soils (Su
et al., 2011, Korhonenet al,, 2013), fossil fuel burning and other sources links the
nitrogen cycle to atmospheric chemistry and secondary aerosol formation in the
atmosphere. Understanding the processes within the nitrogen cycle, the
interactions of readve nitrogen with the carbon and phosphorus cycles,
atmospheric chemistry and aerosols, as well as their links and feedback
mechanisms, is therefore essential in order to fully understand how the
biosphere affects the atmosphere and the global climate rflald and Pet&jg
2011).
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Specific research questions: nitrogen cycle

How sensitive are the boreal am@irctic ecosystems to accelerated nitrogen
mineralization?

How will the changing climate influence nitrogen cycling and the emissions of
reactive nitrogerinto the atmosphere?

How will NO emissions from thArcticrespond to climate change?

3.7.4 Phosphorus cycle
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Figure41 Schematic figure of the phosphorus cycle.

SYNOPSISouthwesternSberian soils have lately been reporteddontain high
concentrations of plartwvailable phosphoru@®)(Achatet al, 2013), which may
enhance carbon sequestration of the ecosystems if they are not too limited in
nitrogen. In freshwater and brackish water ecosystem, excess phosphorus 'eads
to eutrophication, which has ecological consequences, such as the lois of
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biodiversity (Conleyet al., 2009). Due to the scarcity of studies focusing an
ecosystem P cycling, the effects of climate change on physicochemicel soll
properties andP availability, anl the interactions of P cycle with the cycles of
carbon and nitrogen, are largely unknown.

Phosphorus (P) is together with nitrogen (N) one of the limiting nutrients for
terrestrial ecosystem productivity and growth. In marine ecosystems,
phosphorus is themain limiting nutrient for productivity (Whitehead and
Crossmann2012). The role of P in nutrient limitation in natural terrestrial
ecosystems has not been recognized as widely as that of N (Vitetiagk2010).

In the global phosphorus biogeochemicskle (Figure41), the main reservoirs

are in continental soils, where phosphorus in mineral form is bound to soil parent
material, and in ocean sediments. Sedimegtgshosphorus originates from
riverine transported material eroded from continental soils. The atmosphere
plays a minor role in the phosphorus cycle, and the phosphorus cycle does not
have a significant atmospheric reservoir. Atmospheric phosphorus mainly
originates fromAeoliandust, sea sprayand combustion (Wangt al, 201).
Gaseous forms of phosphorus are scarce, and their importance for atmospheric
processes is unknown (Glindemaetnal., 2005).

In soils, phosphorus is found mainly in mineral formuta to the soil parent
material such as in apatite minerals. The amount of phosphorus in the parent
material is a defining factor for phosphorus limitation, and the weathering rate
determines the amount of phosphorus available for ecosystems. In ecosystems
most of the available phosphorus is in organic forms (Aehat., 2013;Vitousek

et al, 2010). In ecosystems growing on phosphedepleted soils, the
productivity is more likely to be nitrogelimited in early successional stages, and
gradually shifttowards phosphorus limitation as the age of the site increases
(Vitouseket al., 2010). Southwestern Siberian soils have lately been reported to
contain high concentrations oflgnt-available phosphorus (Achat al, 2013),
which may enhance carbon sequestration of the ecosystems, if nitrogen is not
too limited. In freshwater ecosystem, excess phosphorus leads to eutrophication,
which has ecological consequences, such as the loss of biodiversity due to
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changes in physochemical properties and in species composition (Cosley.,
2009). Due to the scarcity of studies focusing on ecosystem phosphorus cycling,
the effects of climate change on physicochemical soil properties and phosphorus
availability, and the intera@ns of the phosphorus cycle with the cycles of carbon
and nitrogen, are largely unknown.

Examples of research questions: phosphorus cycle

What are the links between phosphorus in the atmosphere, biosphere and
hydrosphere?

How will phosphorus fluxes vawith climate change?

3.7.5 Sulfur cycle
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Figure42 Schematic figure of the sulfur cycle.
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SYNOPSISulfur is released naturally through volcanic activity, as well as thrc ugh
weathering of theEarttQ &  (FNdt=d ). The largest natural atmospheric &ul
source is the emission of dimethyl de (DMS) from oceanic phytoplanktoi.
DMSis converted to stilir dioxide (Se), sufuric acid (HSQ) and methyl sidbnic

acid (MSA) via ggshase oxidation. However, human activities have a m¢ jor
effect on the global sulfur cycle via vast emissionS@ffrom fossil fuel burning
and smelting activities. The main sink of;$oxidation to sulfuric ad in both

gas and liquid phases, and subsequent removal from the atmosphere via
precipitation and dry deposition. Gghase HSQ triggers new aerosol particle:
formation in the atmosphere, affecting cloud cover and both regional and gl»bal
climate.

Globd anthropogenic Sg€emissions are predicted to decrease significantly by the
year 2100 (IPCC, special report on emissions scenarios, SRES, 2000). Emissions in
Europe and North America started to decrease already in the 1970s, but this
decrease is still ovevhelmed on a global scale by increasing emissions in eastern
Asia and other strongly developing regions of the world (Setithl., 2011). The
current global anthropogenic S@missions are about 120 Tg per year, with
Europe, the former Soviet Union and @ina together responsible for
approximately 50% (Smithet al, 2011). Gobal natural emissions of sulf,
including DMS, are significantly smaller (a few tens of Tg per year; &th
2001). Anthropogenic emissions dominate especially over the camsndhe
main sources of SCare coal and petroleum combustion, metal smelting and
shipping, with minor contributions from biomass burning and other activities.

SQ emissions in Eurasia have a large spatial variability. Smelters in the Russian
Arctic areasemit vast amounts of SO significantly affecting the regional
environment. Smelter complexes in Norilsk, with annual emission of 2 Tg (Black
Smith Institute 2007),are alone responsible for more than 1% of global S©
emissions. However, the emissidnem the smelters in Kola Peninsula, while still
remarkably high, have decreased significantly duringpghst decades (Paatero

et al, 2008), thus altering the impact of human activities on the regional climate
and environment. In general, existing antipogenic activities are slowly
becoming more sulfueffective and less polluting. However, the emergence of
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new sulfuremitting activities and infrastructures partially counteract this
development.

The kehavia of future changes in S@missions in the PEEX research area is
uncertain. In northern Eurasia, natural resources like fossil fuels, metals, minerals
and wood are vast, and their utilization is becoming more and more attractive
due increasing demand. This will most likely leadato increase in human
activities €.g. mining, oil drilling, shipping) in this area.g. Smith 2010, and
references therein). Sulfur emissions in China are rapidly increasing, while
emissions in Europe have significantly decreased during the last decades

Most of the natural and anthropogenic 19 removed from the atmosphere by
liquid-phase oxidation to F5Q, and subsequent precipitation. In areas with high
sulfur loadings, acid rain leads to acidification of soils and waters. The main final
sink of stfur is the oceans. A fraction of 518 oxidized to E5Q in the gas phase

in a reaction chain initiated by the reaction of S@th the hydroxyl radical, OH.
Especially in forested areas of Eurasia, reactions ofd80 a second important
oxidant type the stabilized Criegee intermediates originating from biogenic VOC
emissions, also produces significant amounts28®(Mauldinet al., 2012). Gas
LK &S &dzf FdzNAO FOAR LJXleéa | 1S& Net
secondary aerosol formationhtis connecting anthropogenic $@missions to
global climate via aerosgdloud interactions. Particleonitaining sulfuric acid, or
sulfate, are also connected with air quality problems and human health
deterioration. Understanding the spatial and tempoeablution of S@emissions

in northern Eurasia, along witatmospheric sulir chemistry, is crucial for
understanding and quantifying the impacts of anthropogenic activities and SO
emissions on air quality, acidification, as well as on regional and gitinaite.

Examples of research questions: sulfur cycle

What effect does sulfur deposition have on ecosystem resilience in boreal and
Arcticconditions?

How does atmospheric nitrogen and sulfur deposition affect ecosystem vitality
and productivity, and whizare their links to the hydrological conditions?
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Quantification of critical processes of the sulfur cycle in terms of new particle
formation (NPF)
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4. PEEX RESEARCH INFRASTRCTURE (F2)

4.1 CONCEPTUAL DESIGN AND GENERAL FRAMEWO K

Higly integrated
Modelling platforms

‘\

Experimental and
analytical platforms

‘\

Observational platforms

—> PEEX Services

Database and data portal

Higly distributed

Figure43The conceptual design of the PEEX infrastructure is based on the-seented
approach [appalainen et al.2014a,b) connectingand integrating data from highly
distributed observational and modeling networks as well as framious experimental
platforms.See also section 5.3.

Solutions to the interconnected global environmental problems can be provided
only by a harmonized and holistic observational approach utilizing all available
modeling tools representing different spal and temporal scales. The PEEX
approach uses research methods including both experimental randeling
tools, and ranging from nanometer and suabllisecond observations and process
studies to global and decadal scale measurement activities, datasdtmadel
simulations. The vision of the PEEX infrastructure is to provide comprehensive,
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continuous and reliable harmonized data products for forecasting services, and
for the science communityF{gure43).

The PEEX Foc@ss to establish a sustainable, loteym PanEurasian research
infrastructure (RI), including measurement hardware and software, and validated
and harmonized data products for implementation in modefsappropriate
spatial, temporal and topical focu&ulmalaet al., 2011b). The PEEX research
infrastructures include comprehensive field observations of the atmosphere,
biosphere, hydrology, cryosphere and oceans, as well as targeted laboratory
experiments. The approach includes a hierarchical station network, as well as a
suite of modelingtools (Hariet al, 2016 Lappalaineret al, 2014ab). In the
preliminary phase, the PEEX network is based on existing infrastructures, which
are updated and harmonized where necessary and feasifilbe most
comprehensive stations, calleda@ships, act as testbeds, and operate as
integrated research platforms. The PEEX Research Infrastructure (RI) will consist
of a comprehensive field station network in the region covering Scandinavia,
Finland, the Baltic countries, Siberia and China, cemphted by satellite
observations and corresponding integratechodeling tools. The ground
component infrastructure development is made in concert with currently on
going European infrastructure projects. Outputs of the PEEX monitoring system
will be used dér appropriate modeling within the PEEX domain, and will be
distributed to stakeholders and the public.

The PEEX methodiscludes a hierarchical station network consisting of super
sites for building a holistim-situ understanding of the atmosphecbiosphereg
cryospherganthroposphere continuum at the process level, and flux stations for
targeted regional observations. Measurements at standard stations will provide
data on the spatiain-situ variability of selected parameters at the ground level.

A suiteof satellites extends the observations to global scales, and provides data
on the vertical structure and distribution of the measured atmospheric
parameters, as well as on the biosphere, lars and the hydrological cycle.

The methods for solving laregzale research questions and investigating complex
feedbacks in the PEEX research agenda are adopted from tRetEU aLydS3IN
LINEP2SOG 2y | SNpaz2ftsx Of2dzRE Ot AYIGSE |
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(Kulmalaet al., 2009; Kulmalat al., 2011b). Theidea of themulti-scalemodeling
approach is based on the integration of scientific knowledge from nanglobal
scales with a multidisciplinary scientific approasbq alsd=igure65). A suite of
models covers the processes leadingtg.changes in atmospheric composition,
biosphere functions and cloud formation. Boundary lagerdelingis utilized in
analyzing vertical structures and atmospheric stability, whereas regional
chemical transport models integrate the chemistry and physics of the
atmosphere for specific tasks such as triesindary pollution transport. The
results of smallescale modeling together with observational data, are fully
utilized in globaEarth SystemModels, which provide tools to assess the overall
effects of feedback mechanisms, and the anthropogenic influences on
environmental changes.

The PEEX observatioatwork preliminary phase progm, targeted for the years
20152020, will include the following actions and objectives:

9 To identify the orgoing measurement routines of the PEEX preliminary
phase ground stations

I To analyze the endser requirements of the global and regiorsgiale
climate and air qualitynodelingcommunities in the PEEX domain

I To provide an outline for the standards of the PH&b¢led network,
including measurement and data product archiving, dardelivery
requirements for each station category

1 To identify the key gaps in the initial phase observational network, including
longterm observational activities within the PEEX domain, in Europe, in
China and globally

1 Toinitialize harmonization of thobservations in the PEEX network following
e.g.accepted practices from GAW or European observation networks

9 To carry out intesplatform intercomparisons between grourblased and
satellite observations.

i To establish a PEEX education program of measemértechniques and
data-analysis for young scientists and technical experts.

141



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

4.2 THE ENVISIONED PEEX HIERARCHICAL STATION
NETWORK

> ? % Lovozefo
Weyafkoyo

Figure44 An example of existing research infrastructures and activities: the Obukhov
Institute of Atmospheric Physics Measurements (Elansky, 2012).

The hierarchical observation network envisioned here is based on ideas and
concepts introduced, developed and refined in Hatral, 2009 and Harét al,
2016.

The Arctieboreal regions currently lack codinated, coherent in-situ
observations despite their critical role in the climate system. The first step
towards coherent atmospher@cosystem measurements is the establishment of

a preliminaryphase observation network based on already existing actévitie
There are already several stabé-the-art field stations, which provide a pilot
approach(Figure44). In the full PEEX network, there will be one station for every
Hnnnbonnn 1Y 2F G4KS {A0SNALIY NBIAZ2YZ
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The PEEMbelled network of field stations forms aearchical station network

from Scandinavia to China, and has a continuous, comprehensive science
program (Hariet al, 2009 Lappalaineret al., 2014ab; Hariet al., 2016). The
concept of a hierarchical station network is based on the need to set up
comprehensive measurements of fluxes, storages, and processes, providing
guantitative process understanding of tBarthsystem (Hari and Kulmala, 2005).
Anthropogenic emissions have changed the chemical composition of the
atmosphere, as well as the structurof the atmosphere itself, and forests,
peatlands, tundra and aquatic systems are responding. This global change is
insufficiently understood, and the future development of the climate, the
biosphere and the oceans is at present quite uncertain. In dalerake proper
decisions, we need an improved understanding of the expected future climate,
and of the responses of the living components of BEerthsystem.

The PEEX area is large: it extends thousands of kilometers in thevestst
direction, and sligtly less in the nortksouth direction. The relevant time span is
also long, about 100 years. On one hand, the fundamental metabolic and physical
phenomena occur at the atomic, molecular or cellular spatial level, and their
timescales span from picosecontdsseconds. On the other hand, the responses

of the biosphere to altered anthropogenic forcing can take decades or longer. The
PEEX research focuses on ensuring an efficient knowledge flow from microscopic
time and space scales to large domains and prgéahperiods.

Climate change, and its effects on biological systems, involves several very
different phenomena, such as theadiative transferin the atmosphere, the
growth of forests, CPfluxes between the atmosphere and the oceans and
emissions of reacte trace gases from the biosphere to the atmospheie
research system that combines the information dealing with different
phenomena, obtained at different spatial and temporal scales, is heeded in order
to find solutions to grand challenges, and providiable early warning systems.
The proper combination of knowledge of versatile phenomena on different scales
requires coherent common concepts and ideas, enabling knowledge flow
between disciplines.
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The fundamental phenomena in the PEEX domain take mlacan elemental

level in space and time. Metabolic, physical and chemical processes convert
matter and energy into other forms. These processes generate concentration,
temperature and pressure differences, which in turn give rise to material and
energy fows. These flows combine to produce metabolic, physical and chemical
phenomena covering large temporal and spatial scales. The common features of
these biological, physical and chemical phenomena enable the construction of
sets of coherent theories to degbe the behavior of matter and energy in the
vast PEEX domain, and provide the theoretical basis for the construction of a
network of coherent measuring stations.

The northern research area is characterized by a mixture of forests, peatlands,
tundra, fresh waters, oceans and urban areas. These land cover types have clear
and distinct features, acting as rather independent functional units. These
functional units exchange material and energy, especially with the atmosphere,
but also with each other. Thesenaterial and energy fluxes convey the
interactions in the PEEX domain. The water flux between the vegetation and the
atmosphere is the largest single flux. The fluxes of carbon, nitrogen and several
atmospheric trace gases are quite small by mass, but tekevance to the global
change are important.

The PEEX toolbox includes a hierarchical station network consisting ofstgser
(flagship stations) for a holistim-situ understanding of the atmosphece
biosphere;anthroposphere continuum at the procedevel and, flux stations for
targeted regional aspects and observations. The standard stations in turn would
provide the spatiain-situ variability of the selected parameters at the ground
level. A suite of satellites extends the observations to glsbales and provides
also the vertical structure of the atmosphere as well as data on biosphere, land
use and hydrological cycle. The network includes components covering both the
atmosphere and the ecosystem functions.
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4.2.1 Atmospheric component

The general description of the hierarchical station network for the atmosphere is
introduced in Haret al. (2009) and Hart al. (2016). The system consists of the
following building blocks:

The standard station

The standard stations provide measuremenfssuch properties that act as key
drivers for the most important processes in lagaimosphere interactions. The
observations are made at the ground level with a dense geographical grid to
provide a good spatial coverage. The measurements include ttosvioly:

i. Sandard meteorological quantities in the atmosphere (temperature, relative
humidity, wind direction, wind speed, precipitation, solar radiation)

ii. One additional measurement, user selectable, such as:
a. Solar radiation(global, net)n different wavelegth regimeqPAR)
b. Measurements on the properties of the soil and ground: temperature

profiles, soil water content and tension, snow depth and water content

c. Goncentrations of some trace gasesd.SQ, G, NG, CO)
d. Number concentration of aerosol particde

The flux station

The flux stations in the atmospheric component are advanced versions of
standard stations, with the following capacity:

i. Al measurements made at the standard stations, including the -user
selectable components
ii. Aerosol particle numberancentrations and size distributions
iii. Upward and downward longwave radiation, sensible heat, and latent
heat/water vaporfluxes
iv. Hux measurements of a useelectable set of trace gases, such as, @&
SQ, G, NO, N@ NeO, CH, CO and volatile organedompounds (VOC)
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The flux stations host focused campaigns, the purpose of which is to determine
connections between the fluxes and environmental and ecosystem factors.

The flagship station

The flagship stations in the PEEX atmospheric component providedsttte-
art observations of atmospheric concentrations and material and energy fluxes
in the atmospherebiosphere continuum.

General principles for the flagship stations:

i. The foundatioris the observation of material and energy fluxes.

i. The observations need to be performed continuously, day and night, winter
and summer.

iii. The time resolution depends on the processes that areistlidzarying from
100 H to years / decades.

iv. Thedetectionlimits of the instruments in all locations need to be low enough
to capture the temporal variation of the measured gas and aerosol
concentrations.

v. Data quality procedures, distribution and storage format need to be
harmonizedwithin the network.

The atmapheric flagship station provides a comprehensive monitoring of
processes and contributing factors at high spatial and temporal resolution, such
as:

i. All observations conducted in standard and flux stations
ii. Aerosol chemical composition
iii. Characterization of aerosol vertical profile and boundary layer structure
(lidar)
iv. Atmospheric ion and cluster size distribution
v. Comprehensive characterization of reactive trace gas (such as VOC, ELVOC,
sulfuric acid, ammonia, methane) and atmospheric aridconcentrations
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In addition the flagship station can provide additional data, such as:

vi. Advanced characterization of atmospheric turbulence and trace gas and
aerosol fluxes in multiple heights incl. below canopy
vii. Qoud characterization (cloud radar)
viii. Advanced characterization of solar radiation (spectral dependency)
ix. Reflected and absorbed radiation (PRI, chlorophyll fluorescence)

The flagship station is involved in development of novel instrumentation and
provides benchmarking and-ohepth comparison othe novel instruments with

the existing data. The flagship station regularly hosts intensive and
comprehensive field studies and performs infdatform calibrations and
verifications (n-situ, satellite, airborne). In the infrastructure point of view.eth
flagship stations consists of a tall mast (>100 m in height) and its instrumentation.
The instrumentation measures temperature profiles;dighensional wind
velocities, aerosol size distributions, concentrations and fluxes of trace gases,
down- and upwad spectralradiation, and energy fluxes.

The flagship stations simultaneously measure meteorological factors and
atmospheric composition (including both greenhouse gases and -fliedt
climate forcers; gases and aerosols), together with several prosease
phenomena in the ecosystem they are situated in. This enables comprehensive
understanding of feedbacks and connections, combining the ecosystem
compartments and the surrounding atmosphere, lithosphere, cryosphere and
hydrosphere in a dynamic mannefhese SMEAR (Station for Measuring
EcosystemgAtmosphere Relations, Hari and Kulmala, 20&§pe flag ship
stations include (i) carbon and nitrogen fluxes (photosynthesis, respiration,
growth), (i) trace gas exchange (reactive carbon compounds, nitrogen
compounds, ozone), and (iii) hydrological fluxes. Supporting measurement points
can be set up around the main stations with the aim to obserygvegetation
characteristics and soil microbial processes, orailosphere interactions (such

as CQand other greenhouse gas fluxgdlt is crucial to have oftagship station

in all major ecosystem aredBigure44), which in practice would mean a station
foreverywn nnnbonnn 1Y Ay (GKS t99. R2YIAYy®
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During the PEEX preliminary phase, several targeted field experiments are
performed to investigate key processes and feedback mechanisms in more
details. Than-situfield experiments are performed at the existing grodnased
stations, together with the observations on board aircraft and ships, also utilizing
existing datasets and archives. In the second phase of PEEX, several rew Pan
Eurasian field stations are planned to be built in order to provide improved spatial
covelge. In practice, at least one supersite with comprehensive wsdér
atmospherecryosphere measurements is needed for every representative
biome.

4.2.2 Ecosystem component

Within the PEEX station network, different ecosystem types need to be
characteried and here we provide an example of the hierarchical station
network for forest environment.

Forest ecosystem standard station

Forest standard station measures the basic features and phenomena in forests.
They include the following measurements:

i. Standad stand measurements at a forest site (tree species, diameter, height
and volume)

ii. Standard soil measurements (amount of soil organic matter, size distribution
of mineral soil particles and concentration of main nutrients)

Forest ecosystem advanced station

When we expand the standard station measurements to the development and
fluxes of the stand we obtain the advanced station. They include the following
measurements:

i. The measurements conducted at standard forest stations
i. Measurement of Cg) water andheat fluxes between the ecosystem and
atmosphere
iii. Retrospective measurements of the stand development
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Forest ecosystem flagship station

When we expand the advanced station measurements to cover the detailed
structure and processes in the stand we obtaie flagship station: They include
the following measurements:

i. The measurements conducted at advanced forest stations
ii. Masses as well as protein, cellulose, lignin, starch and lipid concentrations of
the components of trees and ground vegetation
iii. Protein, cdulose, lignin, starch and lipid concentrations of soil layers
iv. Isotopic composition of vegetation and soil layers
v. Measurements of Cfexchange, transpiration and VOC emissions at shoot
level and from soil
vi. Water storage in soil, rainfall above and under ttamopy, run off of water
and of DOC and DIC
vii. Inventories of animals in the surrounding (mammals, birds and insects)
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4.2.3 Cryospheric component

L Main Sites

 Additional Sites

Figure 45 Cryospheric observations within tidordic Center of ExcellenceDEFROST
(Impact of a changing cryosphere Depicting ecosystegelimate feedbacks from
permafrost, snow and ice) network.

The cryosphere in the Arctic is changing rapidly. Measurements of the current
and past conditions of the cryosphere are made at deep boreholes, permafrost
sites, buoy/floating stations in the Arcti©cean, orboard ships, and through
geophysical observatits onboard aircraft. These activities are already ongoing.

I 322R SEIYLXS A& (GKS b2NRAO / SydSNJ
sites in Russia, Finland, Sweden, Iceland and Noffrigyre45).
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Crucial tasks for the groudshsed network are to develop instrumentation and
infrastructures for the observation of fundamental cryospheric processes, to
improve methods for the geocryologic and geoecological monitooingatural

and anthropogenic environments, and to train specialists for obtaining objective
information about the current state of thArctic processes. These are necessary
preconditions for the development of methods and tools for maintaining the
stable finctionality of the northern infrastructure, which in turn supports the
living standards of native populations and newcomers.

Improving environmental geocryological forecasting is important, as it has far
reaching implications both for geopolitics and fenvironmental security.
Because of the vulnerability ofrctic and subarctic regions to natural and
anthropogenic influences, it is especially important to forecast destructive and
potentially disastrous processes in these natural systems. The intemactio
between the cryosphere and other geospheres, affected by dynamics as well as
by thermal and geological processes, are the most dramatic irtttes region.

Changes in the permafrost will be monitored using the existing subsurface
temperature observatries in Eurasia. As a special addition to surface and
meteorological data, borehole temperatures, which can be used for forward and
inversemodelingof ground surface and subsurface temperature development,
will be compiled from previous historical datats and new observations.
Selected shallow (<100 m) and deep (>1 km) boreholes will be instrumented for
the longterm observai A 2y 2F GSYLISNI GdzNBaod ! &S
will be established, extending from Europe to Siberia and China. Thisquiiie

an organized international collaboration for efficiently initiating and running the
subsurface monitoring program as part of the PEEX infrastructure.

From a resource point of view, a relatively low geothermal gradient may allow
the temperaturedepth behaviorto be within the stability field of methane
hydrates. One of the essential objectives of the PEEX program is to improve
understanding of the potential release of methane (and other greenhouse gases)
from the thawing permafrost. Prediction anchodeling of the methane gas
release requires weltoordinated observation systems, including a suite of
shallow and deep boreholes with thermal instrumentation, estimation of the
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amount of gashydratesin-situ, and application of indirect geophysical proxiess
monitoring timedependent changes in the permafrost layers. One of the most
interesting techniques would be the use of grodbased and airborne
geophysical measurements utilizing the electrical conductivity contrast between
frozen and thawed soil. @ubining the results of such surveys, repeated at
regular intervals €.9. 1¢5 years), with the longerm borehole and laboratory
data allow for coverage of the large areas surrounding the PEEX stations.

4.2.4 Inland waters component

Figure46 Algae bloom 29.07.2009 in the northern part of Gorky reservoir at VVolga River.
Photoshy Yulia Troitskaya.

A comprehensive investigation of the hydrophysical, hydrochemical and
hydrobiological parameters of inland waters is required for understanding the
water cycle in the changing PEEX domain. The large river systems discharging into
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the Arctic Ocean are of pacular importance. The activities include the
development of a measurement system for a series of representative water
bodies in different geographical conditions, and under the influence of climatic
changes of varying intensity.

A comprehensive systenoif the monitoring of the physical, chemical and
biological state of inland water bodies based wrsitu and remote sensing
methods is required. The necessary observations include parameters describing
the atmosphere (temperature, pressure, humidity, wired)d the water bodies
(temperature, velocity, turbidity, chemical composition, surfactant
concentrations, &limensional spectra of surface waves, biomass) as well as the
relevant exchange processes (evapotranspiration, evaporation) and
geographically reprgentative parameters (water body area and depth, runoff
and soil moisture). Thén-situ observations need to be complemented with
satellite remote sensing.

Tools and techniques for reime monitoring of toxic water blooms should be
developed in order tceffectively prevent the negative effects of toxic blooms.
This will help improve both water quality and normalization processes in the
regulation of natural biological communities of blooming water bodi€igure

46).

Objectives related to the monitoring of inland water bodies include:

9 Selection of a series of representative water bodies in different geographical
conditions, and under the influence of climatic changésarying intensity

1 Simultaneous grourtbased measurements of atmospheric, hydrophysical,
hydrochemical and hydrobiological parameters of the environment for
calibration of aerospace methods

1 Assessing the effect of climate change on the extent of toxtemtidooms
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4.2.5 Marine component

Figure47 Schematic illustration on the potential station network in the Arctic Ocean. There
are presently several simple buoys (black dots) and sophisticated buoys (red dots), and
(mostly insumme) aso some research vessels (blue boxes), but their locations are
continuously changindzach individual station has a limited operational time. ffagship
stations (red stars), the figure only provides a vision for the future: the number and
locations of the stations are open, excapat the station in the Baltic Sea is already in
operation Figure from Lappalainen et &2014a,b.

The role of oceans in the climate system is related, among othe(,ttansport
of heat from lower latitudes towards the polegii) supply of water for
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evaporation and further to precipitation andiii) via the large heat capacity,
dampening of diurnal, seasonal, and intrnual variations in the air
temperature. Compeed with terrestrial regions, muckess climatological data

are available from the oceans, sea ice, and the atmosphere above them. This
example presents a conceptual plan for measurement stations inlatghde
oceans(Figure49), where sea ice occurs for at least part of fear. While the
standard and flux stations will yield essential information on the state and change
of the marine climate systm, flagship stations are needed for better
understanding and parameterization of smadlale physical processes in the
system Yihmaet al., 20149.

Standard station

The standard stations provide measurements of properties that are essential for
oceanseaice-atmosphere interaction. The stations are buoys deployed on ice
floes or in the open ocean. Depending on the location and ice conditions, the buys
can be either drifting or moored ones. Due to buoy drift, the geographical grid
does not keep constant,ra a typical lifetime of a drifting station is of the order

of one year. In coastal regions, moored stations have, however, much longer
lifetimes. The measurements include atmospheric pressure and temperature
profiles from the sea water through ice and snto the air, witha 2cm vertical
resolution. The profile measurements also yield information on the temporal
evolution of ice and snow thickness. In the case of drifting buoys, thebh&stsl
location data yield the ice drift or ocean current vector (agire is needed for

the open ocean buoys). The data are transmitted via a satellite link.

Flux station

The flux station, either moored or drifting, is an advanced version of the standard
station, where the capacity includes:

i. The measurements made at tlstandard stations
ii. Temperature and wind profiles in the lowermost meters of the atmosphere
iii. Temperature, salinity and current profiles in the uppermost tens or hundreds
of meters of sea water.
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iv. Surface sensible heat flux (the measurements of verticaigrts in i+iv are
essential in the case that the direct heat flux measurements will not be
accurate enough due to various problems met at unmanned ocean stations,
such as waves, spray droplets, and ice/snow accretion on the instruments)

v. Upward and downwarccomponents of the solar shortwave and thermal
longwave radiation (in most cases, gooduality data will requiresufficient
electrical power for heating and ventilation of the sensor domes)

vi. If the climate at the station is not too harsh and necessary gksdtpower
can be provided, also other measurements may be carried out, such as the
water vaporand trace gas fluxes.

vii. CQand DMS concentrations in the water and air

Flagship stations

Theflagship stations provide the stat#-the art observations on thecean and
seaice, as well as their interaction withetatmosphere. The stations arg éither
moored or drifting ice stations, capable in operating over a winterewen
throughout the year, and {ii permanent coastal/archipelago stations.
Accordingly.electrical power is provided, and the instruments and supporting
structures are monitored and maintained. The measurements include

i. All the measurements made at flux stations (including v and vi)

ii. Snow and ice properties: including density, grain size hagesdistributions,
surface roughness, sastrugi, ice rafting and ridging, and portions of columnar
and granular ice.

iii. CQ, CH, VOC and DMS profiles in water and in the air

iv. Temperature, light intensity and ion concentration profiles

v. Phytoplankton mass pridés

vi. Fluxes of C®CH, VOC and DMS

vii. Profiles of key enzymes of photosynthesis

The continuous measurementsfégship stations can be strongly supplemented
by frequent missions by autonomous undee gliders, yielding data oa.g.
ocean temperature, sality and dissolved gases. Also, within the limits of aviation
regulations, Unmanned Aerial Systems can be operated ftagship stations.
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These will yield data on the atmosphere as well as ocean and sea ice and ocean
surface properties.

We stress that iwill be challenging to establistiagship stations in the open
ocean, whereas the coastal ones will be easier. A-ymand drifting station
corresponding to our vision forféagship station is planmkfor the Arctic Ocean

for 20182019 6ee hitp://www.mosaicobservatory.or)y For periods with no
marineflagship stations, we have to rely on data collected by standard and flux
stations, as well as dumnresearch vessel cruises, which sometimes allow
measurenents comparable to those planned for tlilagship stations, but for a
shorter duration.

4.2.6 Coastal component

The PEEX standard station measurements in the marine area are conducted with
drifting stations, buoys and by satellite remote sensing, as desgtrabove. The
marine area measurement activities are complemented by scientific expeditions
onboard research ships. The labhdsed measurement network provides a link
between the marine observations and the coastal environments in key areas,
such as Tiksln the Arctic, another connecting point is the Svalbdrdegrated
ArcticEarthObservingSystem, SIOS. As part of PEtEX,standard buoys used in

the studies of oceans are modified to measure also water and C&x
concentrations, temperature and photosynthetically active radiation.

Uto6 in the Northern Baltic Sea is an example of a marine station. The Ut6 siation
is a member of the HELCOM (Baltic Marine Environment Protection Commi:sion)
marine monitoring network, ad a founding member of the European ICOS
network. The station has long records of physical observations (water salinit/ and
temperature measurements since 1900), and is currently under further
developments for greenhouse gas (concentrations angsed fuxes of C@and

CH) and marine biogeochemistry observations, the latter including chloropyll,
nutrient, and fluorescence. Anothdlagship station at coastal site is envisionzd

in Severnaya Zemlya.
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4.2.7 Remote sensing observations

The grounébased observations should be complemented by remote sensing
observations of atmospheritandcaquatic systems. One of the key PEEX
objectives is to address climate change in the -Barmasian region using a
combination of three approaches: remote sensing data fitmoth airborne and
satellite observations, groundasedin-situ and remote sensing data, and model
simulations of the physical aspects of tiarth system (Lappalaineet al,
2014ap).

The main advantages of airborne and satellite observations are:

1 The sane type of instruments and techniques are used across the globe for
extended periods of time (spanning several decades), providing consistent
data sets. (A necessary condition for this is that successive instruments
provide consistent data sets for calilti@n and intercomparison. It should be
noted that inconsistencies may exist between similar data sets, even those
obtained from similar instruments.)

1 Up-to-date information on atmospheric composition, land surface properties
and the waterenvironment.

9 Theability to acquire environmental properties data earious spatial and
temporal scales, and both horizontally and vertically

9 High spatial resolution allows the study of processes and phenomena on
local, regional and global scales

1 High data reliability gspecially when combined with groudmhsed
measurements)

I Wide range of measured environmental parameters, including pollutant
concentrations and spatial distributions

Remote sensing data, together with groubdsed measurements and numerical
modeling provdes information on land, atmosphere and water system
properties, as well as on spatial and temporal changes of their components.
Remote sensing enables the accumulation of statistical datanfodeling
dynamic processes of different environments. Thispbkedevelop precise
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guidelines forecology departments and agencies, and for otl@nsumers
(Lappalaineret al.,, 2014ab).

Satellite observation@~igure48) provide information complementary to local-
situ observations. Satellites can provide information of the spatial distribution of
key variables relate to:

1 Atmospheic composition (Burrowst al., 2011):
- Aerosols, Trace gases, Greenhouse gases, Clouds
1 Land surface properties:
- surface albedo
- land cover: vegetation, phenology, tree line, burned area
- Fire detection, Soil moisture
9 Ocean surface properties
- Ocean color: chlorophyll, algae bloomgves
- Sea surface temperature, salinity, sea ice mapping,
- Snow properties: snow cover, albedo, snow water equivalent
9 Lake properties
- Area, Biomass, Water quality.

Correspondingly, th@EEX infrastructure has an important role in the validation,
integration and full exploitation of satellite data f@arthsystem studies.

Examples of topics relevant to remote sensing

Arctic greening and treeline: an advance of the treeline in the Kola Peninsula
region has already been observed.

Toxic water bloomssatellite remote sensing data can be used to assess the
extent of toxic water blooms, and changes in this extent due to climate change.
Satellite data on the water cycle of the crdssrder river basin in PaRurasia is
needed to develop hydrological modelvhich can be utilized in water budget
estimates for the entire PEEX domain.
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Hydrological system: recent studies show substantial changes inAthtc
terrestrial  hydrological system, including changes in precipitation,
evapotranspiration, river dischagegand terrestrial water storage. Data from tt e
gravity recovery and climate experiment (grace) satellite mission showtésny
changes in the hydrological budgets of the large Siberian watersheds. A new
application of satellite altimetry, originally desigd for measurements of sea
level, is the monitoring of inland waters.

Radar '\, — Microwave
altimetry |, measurement
ranging % of columnar
% water vapor
beacon | fanging Ocean
Stavn; topography - S€asurface

Sea level

Sea-floor
topography

Reference ellipsoid

Figure48 The basic principles of satellite altimetry (left, figure adapted from CNES), and
the positions of the ground tracks of the Jagbaltimetry satelte (right, figure courtesy
of Yulia Troitskaya).

4.2.8 System analysis

Global change science is in need of a full and verified greenhouse gas account for
terrestrial ecosystems. The nucleus of this account is the full carbon account
(FCA). The uncertdigs in previously reported estimates of the role of terrestrial
ecosystems in global biogelemistry are large (Shvidenko ahdsson 2003),
hindering scientific understanding of the problem (Schutteal. 2002), and
hampering political and economic dsion-making (Janssenst al, 2005).
However, an assessment of the uncertainties of the FCA is not trivial, and requires
new approaches. FCAs, particularly for large territories such as the PEEX domain,
are typical fuzzy (underspecified) dynamic systems (also described as fully
complex or wicked problem). This means that all of the existing methods of
assessment for terrestrial ecosystem carbon cycling (i.e., the landscape
ecosystem approach, procebased models, eddgovariance and inverse
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modeling, when applied individually, are 8bS {2 LINR RdzOS 2y f &
GAGKAY |y FLILINRBLFOKE: @I fdzSE 6KAOK YI @
dzy OS NIi I A y (i &tal, 2040K BRER Syl pravide a systems analysis and
future elaboration of this problem as a whole. One possible apph is the
further improvement of the methodology for FCA developed by IIASA. This
methodology is based on system integration of different methods, followed by
harmonization, yielding mutual constraints for the intermediate and final results
obtained by mdependent methods (Shvidenlat al., 2010 2013 b).
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4.3 EXISTING ACTIVITIES AS A BASIS FOR THE PEEX IRESEAR
INFRASTRUCTURE

Figure49 Exemplary set of existing field stations and field expeditions within the PEEX
domain in different type of environments. From the left: Zotino tower (ZOTTO) and TROICA
expedition onboard a train. Photos from Nikolay Elansky.

Many different topical infrastructures exist within the PEEX don(faigure49).

As an example, a short summary of the selected infrastructures is presented
below, along with an illustration of their potential contribution to the PEEX
science topics. The infrastructures includethb national and distributed mukHi
national infrastructures.

4.3.1 Scandinavia

An example of an existing extensive network of atmospheric and ecosystem sites
can be found in Finland. The SMEAR (Station for Measuring Ecosystem
Atmosphere Relations) network forms the foundation for the PHEXitu
network. The SMEAR network covers all boreal forest conditions in the
Scandinavian part of the global band of northern latitude taigiaife 14). The
SMEAR consists of supgte stations in boreal environments. The measurements
from the SMEAR station network are descriptive of conditions ranging from
remote boreal environments nén of the polar circle to more temperate boreal
environments in Southern Finland. Theeasurements in Helsinki also provide
information on the effects of urban emissions in a boreal context. The wide
spatial range of the SMEAR network also provides, famgate, the possibility to
study the aging and transport of plumes from latgmale forest fires and large
scale biomass burning in Russtig(re50, Tablel).
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® SMEAR |
Varrio
@
SMEAR I SMPEUA:.F; ¥
Hyytigls @ J
o @ SMEAR I
Uto Helsinki

Figure 50 The SMEAR (Station for Measuring Ecosysf¢mosphere Relations)
atmospheric observation network. The station descriptions are presénieblel.
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Table1l An overview of SMEAR network stations and P&tdankyla GAW and Utd
stations. SMEAR network data can be visualized and downloaded $rmartSMEAR
portal: http://avaa.tdata.fi/web/smart (Junninen et al., 2009)

1 Extensive facilities for measng forest
atmosphere interactions

1 Operational since 1996 (Hari and Kulms
2005).

1 Submicron aerosol size distributio
measurements since January 1996.

9 Surrounded by scots pine forest, with th
managed stand established in 1962
sowing after the aretad been treated by
controlled burning and light so
preparation.

9 Forest ecosystem and tree physiologi
measurements

1 Measurements conducted on a raft
Kuivajarvi Lake (Heiskanest al, 2014)
and in Siikaneva fen (Riut&t al., 2007).

1 The nearest uran pollution sites arg
Tampere (ca. 50 km to the southwest) al
Jyvaskyla (ca. 100 km to the northeast).

1 Site for the ICOS, ACTRIS, INGOS, EX
ANAEE and LIFEWATCH networks; als
WMO, EMEP, CarboEurope, NitroEuro
EUCAARI AND PEGASOS

i Situated in Lapland, in a remote rural are

9 Surrounded by a Scots pinePifus
Sylvestrid..) Forest, which is over 40 yes
2t R Ay (GKS &i kinith 2hy|
measurements are performed on a hilltg
(Hariet al., 1994).

v 4 1 No pollution sources are nearby, b

Varrio. The SMEAR | statig emissions from industrial activitie®.¢,

Hyytiala The SMEAR

adFdAz2y Ay |
9 HNncMT QX MYy
level, ASL). (Photo from Jul
Aalto.)

AY E£NNNAI o6b smelters) from the Kola Peninsula ar
400 m ASL}Photo from Ella may be advected over the station (Kyat
Maria Kyro). al., 2014). New mimg activities are

planned in nearby Sokli area.
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9 Submicron

aerosol size distributio
measurements started in 12/1997 in th
8¢460 nm size range. In 04/2003, a twi
DMPS system was added for measur
the 3¢1000 nm size range. Sampling
done at 2 m aboveground, inside the
forest canopy.

A range of atmospheric parameters, in
trace gas concentrations along wi
temperature, relative humidity, sola
radiation and wind speed.

Helsinki The SMEAR |
station in  Helsinki (N
CNCcMHQY X 9 H
(Photo from  AnttiJussi
Kieloaho.)

Started operations in Helsinki in autun
2004.

Instrumentation covers aerosol dynami
and atmospheric chemistry
micrometeorology, weather monitoring
and the ecophysiology of trees growing
the urban environment.

Situated at two different locations
Kumpula and Viikki. The Kumpula site
located about 4 kilometres fron
downtown Helsinki.

Atmospheric observations at a 31 m hi
tower equipped with meteorologicd
instrumentation at several heights (Jaeti
al., 20M).

Puijo. The SMEAR |V statiq
in Kuopio (N 62°55', E 27°4
224 m ASL). (Photo fro
Pekka Ahponen.)

Located on the top of an observatig
tower.

Continuous measurements of aeroso
cloud droplets, weather parameters an
trace gases (Leskinemal., 2009; Portiret
al., 2009) since 06/2005.

Station frequently located within a cloug
e.g.more than 40 % of days in October.
Two sampling inlets for aerosol samplir]
an interstitial inlet equipped with a PM
impactor, and a total air inlet with a heatg
for drying the cloud droplets.

165



PANEURASIAN EXPERIMENT (PEERCIEEPLAN

1 Aerosol size distributions are measur

from both inlets with the same DMPS |
using a synchronized valve system in t
6-minute cycles, giving a 1inute time
resolution for the whole measured siz
range.
The differencen particle size distributiong
provides information on the partitioning
of particles between cloud droplets an
interstitial particles in the cloud.

ey

Pallas The Sammaltuntur|
Global Atmospheric Watc
aidlrdrzy ob c
565 m ASL). (Photo frof
Juha Hatakka.)

Operated by the Finnish Meteorologic
Institute.

Situated on top of a hill in Wester
Lapland in the subarctic region near tf
northern limit of the boreal forest zone.
Vegetation in the immediate vicinity i
mixed pine, spruce and birch forest.
The station is located above the tree lif
sampling from 7 m above ground.
No significant local or regional pollutig
sources, 20 km to the nearest tow
(Muonio with 2500 inhaltants).
DMPS system operational since 04/20(
measures aerosol particles in the si
range 7500 nm.

Utd.  Atmospheric  and
Marine Research Station (
59° 46'50, E 21° 22'23, 1
ASL). (Photo from Minn
Aurela.)

Operated by the Finnish Meteorologic
Institute in collaboration with Finnis
Environment Institute.

Meteorological observations since 188
marine  salinity and temperature
measurements  since 1900, ar
atmospheric trace gas and aerog
measurements since 2003 (Engkr al,,
2007)

Part of ICOSsince 2014), EMEP (sin
1980) and HELCOM marine monitori
networks.
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Expanding beyond Finland, the scope of a Scandinavian observation network
ranges from Scandinavian itself to tAecticenvironment. A suitable connection

LJ2 A y (i CRasphéréddnospherelnteractions in theChanging Arcti€Climate

G/ wt L/ /¢ ySig2Nyl® ¢KS /w!L// 20&aSND
ecosystem observations in different locales, from thigh Arctic to the
hemiboreal environment in Denmarkigure51).

90N

Station Nord
berg _ ' . :
‘Daneborg 4

S ”Ié@u nd¥ - '.
JT5N _'

0

Figure51 Thein-situ station network for the Nordforstunded Centeof Excellence on
& fyosphereAtmosphere Interactions in the Changing Arctic €I G $é o6/ w! L/ / 0
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4.3.2 Europe

Within Europe, there are many suitable environmental research infrastructures
that contribute to the science relevant to PEEX. There are already harmonized
structures in place both for greenhouse gases (integrated cadizservation
system, ICOS; integrated n@Q greenhouse gas observation system, INGOS)
and for shortlived climate forcers (aerosols, clouds, and trace gases research
infrastructure network, ACTRIBigure52). A global perspective is provided by
the global atmospheric watch network, GAW, which is operated by the world
meteorological organization. This infrastructure offers atmospheric observations
with a global perspective, but is lacking coverage in the Aiglticand in Russia.

In terms of ecosystem observations, relevant infrastructures are the
SELSNAYSY Gl dGAz2zy Ay SO2aEa 0 3R NIEKASS FANIYH
SELINAYSyYyi(l a2y 2y SO2aeaidsSvyaé¢ ySagsg2N] =
undersianding of the ecosystetmehaviorof the terrestrial and aquatic biomes in

the PEEX domain.

The SMEARagship site(s), and in particularly SMEAR Il in Hyytiala, are part of all
of the above research infrastructures. This underlines the strength of the
supesite concept and the hierarchical station network approach utilized in PEEX.
The adaptive PEEX network of stations, and in particularly the PEEX supersite
network, can contribute to the thematic and topical research questions in the
PEEX domain, and coiftute to an increased understanding of tB@arthsystem
behavioron a global scale.
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Figure52 The aerosols, clouds, and trace gases research infrastructure network ACTRIS
provides harmonized observationatsitu and remote sensg data on aerosol particles,
cloud profiling and concentrations of volatile organic compounds and nitrogen oxides.

4.3.3 Russia and particularly Siberia

The spatial coverage of the station network and other research infrastructure in
the Pan-Eurasian rgion is currently unevenly distributed. There are severaldong
term measurement stations, towers and madtgure53), equipped with diverse
instrumentation providingdata on multiple gas and particle parameters.
Intensive campaigihased measurements have also been carried out.

The main problems for atmospheric monitoring in Siberia are deterioration of the
instruments, insufficient development of maintenance capabtit for the
upkeep and quality control of measurements, the lack of continuous observations
in a large fraction of the territory, insufficient equipment for data processing and
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transmission, and the incompatibility of the Siberian measurement network with
the existing international observation networks. Reconstruction of the Russian
System of Atmospheric Monitoring (RSAM) is currently on the way. This includes
both the modernization of research equipment, and a broader use of remote
sensing methods. One dtive is that RSAM will be a part of the integrated
globalEarthobserving system in the future.

In the first phase of PEEX, its observation network consists of the existing stations
and their measurement programs, and the quality analysis and data
dissenination procedures developed in other projects. In order to ensure-ong
term sustainability and comparability, these measurements need to be
connected to international networks wherever possible. The existing stations
should be equipped with the instrumesnthey are currently missing, so that they
can contribute to the PEEX science mission efficiently. The minimum setup should
consist of tools for the measurement of fluxes and concentrations of aerosols and
trace gases, including greenhouse gases and $kied climate forcers, snow/ice
cover, surface radiation budget components, and, finally, supporting
meteorological quantities. Continuous data obtained from satellites need to be
complemented within-situ measurement data from the trarSiberian railway,

as well as from purposbuilt research vessels and aircraft.
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Arctic tundra
Typical and southern tundra
Forest tundra
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E Southern taiga
" Subtaiga
[ Foreststeppe
Steppe
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Figure53 The joint JapanesRussian Siberian tall tower inland observation network (JR
Station, NIES&IAO SB RAS) for greenhouse gas monitoring.

4.3.4 China

An example of the oigoing activities in China is the measurement and research
platform station for observing regional processes of the Earth system (Sorpes
NJU), developed by the Institute for Climate and Global Change Research (ICGRCi
and Nanjing Univeity. The station went operational in 2009. The overall
objective of this platform is to characterize the temporal variation of key
guantities related to climate change, and to understand the interactions of
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different regional processes of the earth systaneast Ching a region strongly
influenced by monsoon weather, and by intensive human activities (Etitad,
20133b). In Figure 54, the footprint areas, calcutad by 20day backward
trajectory analysis, contributing to the data observed at Sofd@sland Hyytiala
SMEARI are presented. The entire PEEX domain is located within these footprint
areas.

SorpesNJU is in the process of being developed into a SMEpdr(station for
measuring ecosystegatmosphere relations) measurement station. It focuses
mainly on the impact of human activities on the climate and on the environment
in the rapidly urbanized and industrialized Yangtze River Delta region. Based on
the geography, climate, and environmental characteristics of east CBompes
NJUfocuses on four major processes: lasdrface processes, the air pollution
climate interaction, the ecosystegtatmosphere interaction, and hydrology and

the water cycls. The entire platform will be developed into an integrated
observation network with aft 34 KA LI OSY(iN}f aAxGaSz
mobile platforms in the vicinity. Other potential PE&Xtions in China are the
Changbai mountain research station forrést ecosystems 420442°36'N,
126°55¢129°&' E and theBeihai ecosystem statiorlCERNNetwork Sation
37°37'N, 101°19'E) (Lappalainemt al., 2014a,b).
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Figure54 Annual mean "footprint" retroplume plots for théyytidla andSorpesNJU sites,
based on 2@lay backward Lagrangian dispersion simulations for the year 2012, using the
Hysplit trajectory model. The methodology is presented in Ding,&0413c.

4.3.5 Satellite monitoring

Figureb5 Areas of space information reception AROCOSM@&und stations (left) and
Chinese satelliteeceiving stations (righfigure from RADICAS).

Satellite remote sensinffigure55) provides data on atmospheric composition,
land and sea surface properties, snow, ice, vegetation, and other parameters, as
described in section 2.7.
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The principal parameter measured by remote sensing instruments is
electromagnetic radition. Radiation measured at wavelengths in the UV, visible
and infrared spectral bands provides information on atmospheric composition:

i. Aerosol properties: primary aerosol optical deptiAQD at several
wavelengths,Angstréom exponents AB and the absorbing aerosol index
(AA). Information on aerosol physical and optical properties is usedlOD
retrievals. In principle, thé\ODdefines aerosol properties such as the fine
mode fraction, aerosol composition, single scattering albeds.
(Kokhanovky and de Leeuw?2009 de Leeuwet al, 2011; HolzerPoppet al.,,
2013 de Leeuwet al., 2015)

i. Cloud properties: cloud fraction, cloud optical thickness, cloud top height,
cloud droplet effective radius, liquid water patéic.

iii. Concentrations of tracgases €.9.0s, NQ, CO, N HO, VOCs, halogens)
(Burrowset al., 2011)

iv. Concentrations of greenhouse gaseg(CQ, CH) (Buchwitzt al., 2015).

v. Ecosystems

Satellites also measure land surface, ocean and lake properties as described in
section 42.7.

All this information is available on a global scale, with a frequency and spatial
resolution depending on the instrument and the platform (satellite). In some
cases, the data are available for a period of over three decades. In other cases,
such as amsols and clouds over polar regions, the retrieval is in its initial state
of development due to problems arising in discriminatb@iween snowvice, the
reflectance of which overwhelms that of aerosols or clouds.

On-going satellite monitoring activitiga Russia and China

Russia:

AEROCOSMOS: near e fire monitoring, assessment of carbon monoxile
emission, global ocean surface temperature distributions, monitoring of
terrestrial ecosystems, forestry, forest pathology, forest resources, reveatidc
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estimation of wildfire damage, forest certification, lumbering monitoring,
reforestation estimation, detecting areas with intensive anthropogenic load.

Moscow State University geoportal
(http://www.geogr.msu.ru:8082/api/index.htm)] Over 20 of such Russian
centers have now joined in the consortium of university geoportalSIGEQ

Institute of space research RASt)://smiswww.iki.rssi.ru): recegion of open
remote sensing data, such as TERRA/AQUA MODIS, and thematic processing o
this and other imagery, own receiving station for MODIS.

China:

RADI: comparison study of remote sensing for global environmental change from
four countries (AustraliaBrazil, Canada and China), covering a large fracticn of
the total land area of the world on four continents.

RADI: drought, fires, flood monitoring and assessment in the different Asian
regions, i.e., East Asia, Middle Asia, southern Asia, West AsgoaitigEast Asia,
under the CASWAS projects.

RADI: Paiturasian and wtic aerosol satellite retrieval and dynamics; Pan
Eurasian snow/ice and permafrost satellite retrieval and dynamics.

RADI: aerosetloud atmospherenydrosphere processes of tigarthsystem, and
characteristics of extreme precipitation events. Simulation spatial and
temporal scalesupported by the Chinese academy of sciences.

RADI: Paffturasian spatial and temporal land use/ land cover change and
phenology detection using mulsiatellite data.

RADI: Patfturasian forest/grassland/wetland carbon dynamics under extreme
climate events based on integrated remotely sensed data and ecological
modeling

RADI: satellitdbased water cycle measurements of the crbssder river basin
in Eurasia.
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Satellite-based marine observations

Satellites provide valuable data on parameters of fnetic sea ice. Sea ice types

can be determined from synthetic aperture radar (SAR) images (ASAR/ENVISAT,
SAR/RADARSART upcoming SAR on SentirReland others) using automatic
classification algorithms (Zakhvatkiegal., 2013). The concentration, exteahd

area ofArctic sea ice have been continuously measured by satellite microwave
radiometers (SMMR/NIMBUE®?, SSMI/DMSP, AMERAQUA, AMSR 2/GCOM

W1) since 1979 (Parkinson and Cavalgh08). A new era of regular monitoring

of the Arctic sea ice thiclkess began in February 2010, with the launch of the
European satellite CRYOSAT with a Synthetic aperture Interferometric Radar
ALtimeter (SIRAL) onboard (Lavatral., 2013). Sea ice drift can be also retrieved
using various satellte sensors, such as radarscatterometers
(SEAWINDS/QUIKSCAT, ASCAT/METOP), radar altimeters and microwave
radiometers [ittp://cersat.ifremer.fr/data/discovery/byparameter/seaice).

4.3.6 Groundbased emote sensing

To complementin-situ observations, especially thia-situ observations at the
flagship stations, and satellite based remote sensing capabilities, the ground
based measurement sites need have equipment for active remote sensing
from the gound. In Europe, grountlased active remote sensing is performed as
part of the ACTRIS infrastructure project. A suite of lidars is well equipped to
derive profiles of aerosol properties. Depending on the instruments, different
sets of aerosol products nébe obtained.

The ideal aerosol profile instrument setup consists of a thueeelength Raman
lidar with depolarization measurement capabilitthree elastic backscatter
channels two N2 Ramanchannels,depolarization at one wavelength), and an
AERONE3uWn photometer (Heeset al., 2010), both running continuously every
day of the year, together with a ceilometee.§. Vaisala CL51), anid-situ
instrumentation. This configuration provides spectrally resolved aerosol
extinction and backscatter profiles, together with the particle depolarization
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ratio. Aerosol typing and the retrieval of microphysical particle properties are also
possible with thé setup.

Lidars which cannot measure a pure molecular return signal (Raman or Rayleigh)
need an assumption of the extinctign-backscatter ratio (lidar ratio) for aerosol
retrievals (Binietoglowet al., 2011). Accurate extinction profiling is not possibl
with such instruments. When operated in the UV or visible spectral range,
calibration is possible in aerosfitee regions of the atmosphere. Reliable
backscatterprofiles are obtained when these lidars are combined with a sun
photometer to constrain theaerosol optical depth of the atmosphere.
Ceilometers can be regarded as lpawer backscatter lidars, and operate at 905

or 1064 nmvawelength Because of the low sigred-noise ratio, only layers with

high aerosol loads (PBL, pollution or dust plumeg)l@observed.

Hierarchy of potential aerosol products

The hierarchy of products is coupled to the instrument capabilities (from simple
ceilomeer to advanced mulivavelength Rman lidars).Products tiv can be
measured with simple backscatter lidars. &wots v-viii can only be measured
using the ideal instrument setup §Bkmannet al.,, 2004).

i. Attenuated backscatter profile: rangerrected and calibrated atmospheric
o0l 01 a0l GOSN IR FOR4).S O0hQ/ 2y Yy 2N

ii. Aerosol mask: atmospheric regions with enbad aerosol loads (Binietoglou
et al, 2011)

iii. Planetary boundary layer height, aerosol layer boundaries: upper boundary
of the aerosol layer that is in touch with the surface, and top and bottom
heights of lofted aerosol layers

iv. Particle backscattecoefficient profile (at one or several wavelengths):
guantitative (calibrated and attenuaticoorrected) description of 180°
volume backscattering caused by aerosol particles (ism) (Bockmanret
al., 2004 Pappalardcet al.,, 2004).

v. Particle lineardepolarizationratio profile (at one or several wavelengths):
guantitative (calibrated) description of the depolarization of lingatarized
laser light caused by (nespherical) aerosol particles
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Particle extinctiorcoefficient profile (at one or severawavelengths):
guantitative description of atmospheric extinction caused by aerosol
particles (in i, derived from a pure molecular return signal, i.e. with a-self
calibrating method) (Bockmaret al., 2004 Pappalardcet al., 2004)0O

Aerosol type/targetlassification: discrimination of major aerosol types (such
as dust, maritime aerosol, smoke, pollution, volcanic ash) from the
depolarization ratio, lidar ratio, and/or Angstrom exponent (color ratio)
(Pappalardeet al.,, 2004)0O

Particle microphysical pperties €.g, effective radius, volume size
distribution, refractive index) derived from spectral extinction and
backscatter coefficients.
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Observing cloud and precipitation processes

Figure56 Groundbased remote sensing of aerosols and cloud properties. Photos by Dmitri
Moisseev.

Advances in understanding of the role of cloud processes are critical for reducing
the uncertainty in predictions of precipitation and the water cy&eecipitation

is a key component of the global climate system, as well as of aeobsodl
interactions. A number of cloud and precipitation profiling stations in the PEEX
domain are needed to understand and map the continuum of climatically
important cloud regimes, frm heavy rain to light drizzle and snowfall. These
stations should document cloud regimes that are representative of the region,
i.e. deep convection, shallow cloud systems, frontal systems and orographic
precipitation enhancement.

To record cloud and popitation processes, comprehensive measurements of
cloud and precipitation microphysical properties are need&ijure 56). A
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combination of cloud radars, microwave radiometers and lidars are required to
achieve this (lllingwortlet al., 2007)

Hierarchy of cloud and precipitation profiling station products
Raw poducts

i. Radar reflectivity factor anBopplervelocity (cloud radar)
ii. Lidarattenuated backscatter coefficient (lidar)
iii. Microwave radiometer brightness temgpatures and liquid water paths

From these observations, a number of meteorological products carebeetl,
such as:

i. Liquid water content
ii. lce water content
iii. Drizzle flux and drizzle drop size from radar and lidar
iv. Ice effective radius from radar and lidar
v. Turbulence kinetic energy (TKE) dissipation rate from rBagplervelocity
vi. Precipitation rate and tye
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Figure57 A map of IABP buoy locations (black and green circles) on 26 September 2012.
The triangles denote terrestrial weather stations. The sea ice concentration is shown on a
color scale. Figure sourcéftp://iabp.apl.washington.edu/maps_monthly_nsidcice.hfml
courtesy of the University of Washington.

Data on the temperature, salinity, and current profiles of the upper ocean are
obtained from buoys equipped with chains of instruments at various depths. In
addition to drifting buoys, also buoys moored to the sea floor are uséglife

57). The network of upper ocean observations is, however, far less dense than
that of sea ice observations. Satellite observations provide much of the
information on the upper ocean. The contemporary fleet of satellite remote
sensors offers a fairly wide sgteum of parameters characterizing the state and
properties of open oceans. For example past and current data on sea surface
temperatures for the Arctic are available from infrared measurements by
MODIS/AQUA, AVHRR/NOAA and AATSR/ENVISAT, as well ascfowmava
observations with SSMI/DMSP, AMBIRRQUA and AMSR 2/GCAQWL. Sea
Surface Salinity (SSS) has been measured regularly since 2009 by the microwave
radiometer MIRAS aboard the European satellite SMOS, providing synthesized
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