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has translated into more coordinated and multidiscip-
linary research projects by NEESPI scientists along
with the development and integration of models that
can interact with each other, including weather and
aerosol physics, permafrost, and terrestrial hydrology
with water management, the carbon and water cycles,
land carbon and atmospheric transport modeling, and
biospheric and climate information (Table 1).
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Modeling studies focusing on a specific component of
the Earth system have provided valuable insight into
processes controlling their behavior and the direct im-
pact of climate change. Meanwhile, more integrated
modeling studies have been useful for identifying and
quantifying potential interactions and feedbacks among
various components of the Earth system and societal ac-
tivities associated with environmental changes over

Table 1 Non-exhaustive list of modeling studies with a focus on Northern Eurasia. The list is sorted by specific aspects of the Earth
and human systems. Some studies are listed under several aspects of the Earth and human systems. From Monier et al. (2017

updated)

Specific aspects of the Earth
and human systems

References to modeling studies with a focus on Northern Eurasia

Agriculture
(crop modeling, economics)

Air quality

Dronin and Kirilenko 2010; Gelfan et al. 2012; lizumi and Ramankutty 2016; Magliocca et al. 2013; Peng et al. 2013;
Schierhorn et al. 2014, 2014; Tchebakova et al. 2011

Baklanov et al. 2013; Darmenova et al. 2009; Lu et al. 2010; Siliamo et al. 2013; Sofiev et al. 2013; Soja et al. 2004;

(aerosols, ozone, pollen, dust)  Sokolik et al. 2013; Xi and Sokolik 2015a, 2015b

Carbon (in land and water)

Bohn et al. 2013, 2015; Cresto-Aleina et al. 2015; Dargaville et al. 2002, 2002; Dass et al. 2016; Dolman et al. 2012;

Climate

Cryosphere
(snow, glaciers, sea ice)

Demography
Energy balance

Hydrological cycle

Land-use change

Infrastructure
Nitrogen

Permafrost

Terrestrial ecosystems
characteristics

Vegetation shifts

Weather
(i.e, extreme events)

Wildfire

Zoology

Gao et al. 2013; Glagolev et al. 2011; Gustafson et al. 2011; Hayes et al. 2011, 2011, 2014; John et al. 2013;

Kicklighter et al. 2013, 2014; Kim et al. 2011; Koven et al. 2011; Kuemmerle et al. 2011, 2011; Kurganova et al. 2014, 2015;
Lu et al. 2009; McGuire et al. 2010; Mukhortova et al. 2015; Narayan et al. 2007; Olchev et al. 2009, 2013; Rawlins et al. 2015;
Rossini et al. 2014; Sabrekov et al. 2014, 2016; Saeki et al. 2013; Schaphoff et al. 2015; Schierhorn et al. 2013;

Schulze et al. 2012; Shakhova et al. 2013, 2015; Shuman and Shugart 2009; Shuman et al. 20133; Yue et al. 2016;

Zhang et al. 2012b; Zhao et al. 2009; Zhu et al. 2013, 2014; Zhu and Zhuang 2013; Zhuang et al. 2013

Anisimov et al. 2013; Arzhanov et al. 2012, 2012; Miao et al. 2014; Monier et al. 2013; Onuchin et al. 2014;
Shahgedanova et al. 2010; Shkolnik and Efimov 2013; Volodin 2013; Volodin et al. 2013; Zuev et al. 2012

Callaghan et al. 20113, 2011b; Farinotti et al. 2015; Hagg et al. 2006; Klehmet et al. 2013; Loranty et al. 2014;
Mokhov et al. 2013; Pieczonka and Bolch 2015; Shahgedanova et al. 2010; Shakhova et al. 2015;
Sokratov and Shmakin 2013; Sorg et al. 2012

Heleniak 2015
Brovkin et al. 2006; Gélos et al. 2013; Loranty et al. 2014; Olchev et al. 2009; Oltchev et al. 2002; Tchebakova et al. 2012

Bowling and Lettenmaier 2010; Cresto-Aleina et al. 2015; Gelfan 2011; Georgiadi et al. 2010, 2014a; Hagg et al. 2006,
Karthe et al. 2015; Khon and Mokhov 2012; Kicklighter et al. 2013; Klehmet et al. 2013; Kuchment et al. 2011;

Liu et al. 2013, 2014, 2015; McClelland et al. 2004; Motovilov and Gelfan 2013; Novenko and Olchev 2015;

Olchev et al. 2009, 2013; Oltchev et al. 2002, 2002; Osadchiev 2015; Rawlins et al. 2010; Serreze et al. 2006;
Shiklomanov et al. 2013; Shiklomanov and Lammers 2013; Shkolnik et al. 2017; Sorg et al. 2012; Streletskiy et al. 2015;
Troy et al. 2012; Zhang et al. 2011

Blyakharchuk et al. 2014; Chen et al. 2017; Griffiths et al. 2013; Gustafson et al. 2011; Hayes et al. 2011;

Hitztaler and Bergen 2013; Kicklighter et al. 2014; Kraemer et al. 2015; Kuemmerle et al. 2009; Meyfroidt et al. 2016;
Peterson et al. 2009; Prishchepov et al. 2013, 2017; Robinson et al. 2013; Schierhorn et al. 2013, 2014, 2014;
Smaliychuk et al. 2016; Zhang et al. 2015

Shiklomanov and Streletskiy 2013; Shiklomanov et al. 2017; Stephenson et al. 2011; Streletskiy et al. 2012
Kopécek et al. 2012; Kopacek and Posch 2011; Oulehle et al. 2012; Zhu and Zhuang 2013; Zhuang et al. 2013

Euskirchen et al. 2006; Gao et al. 2013; Gouttevin et al. 2012; Hayes et al. 2014; MacDougall and Knutti 2016;
Marchenko et al. 2007; Shakhova et al. 2013, 2015; Shkolnik et al. 2012; Streletskiy et al. 2012, 2015; Zhang et al. 2011

Cresto-Aleina et al. 2013; Kopackova et al. 2014, 2015; Lapenis et al. 2005; Lebed et al. 2012; Li et al. 2016;
Shuman et al. 2013a, 2013b; Shuman and Shugart 2012; Zidtkowska et al. 2014

Gustafson et al. 2011; Jiang et al. 2012, 2016; Khvostikov et al. 2015; Kicklighter et al. 2014; Li et al. 2014;
Macias-Fauria et al. 2012; Novenko et al. 2014; Schaphoff et al. 2015; Shuman et al. 2015; Soja et al. 2007;
Tchebakova et al. 2009, 2010, 2016, 2016; Tchebakova and Parfenova 2012; Velichko et al. 2004

Barriopedro et al. 2011; Meredith et al. 2015; Mokhov et al. 2013; Schubert et al. 2014; Shkolnik et al. 2012

Balshi et al. 2007; Dubinin et al. 2011; Gustafson et al. 2011; Kantzas et al. 2013; Loboda and Csiszar 2007;
Malevsky-Malevich et al. 2008; Narayan et al. 2007; Park and Sokolik 2016; Schulze et al. 2012; Soja et al. 2004;
Tchebakova et al. 2009, 2012; Vasileva and Moiseenko 2013

Bragina et al. 2015; Kuemmerle et al. 2011, 2014; Zidtkowska et al. 2014
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Northern Eurasia. However, most studies of climate
change impacts rely on standard socio-economic and cli-
mate change scenarios, thus limiting the possibility of
conducting integrated studies. A common experimental
design for these studies is to prescribe climate change
and to examine the varied response of a particular com-
ponent of the Earth system (Rosenzweig et al. 2014). In
such an approach, many potential global and regional
feedbacks that can have major implications for the cli-
mate system, both in Northern Eurasia and globally, are
overlooked. The development of effective climate mitiga-
tion and adaptation strategies for Northern Eurasia de-
pends on understanding how environmental conditions
may evolve in the region within the context of global
change, including the influence of feedbacks and poten-
tial thresholds (i.e., “tipping points”). Fortunately, model-
ing frameworks have already been developed to study
these issues (see the next section), and they could be im-
proved to better represent the important aspects of the
Earth system that are unique to Northern Eurasia.

New approaches to integrated modeling for Northern Eurasia
Earth System Models (ESMs; Brovkin et al. 2006, 2013;
Friedlingstein et al. 2006; Arora et al. 2013; Eby et al
2013; Zickfeld et al. 2013; Koven et al. 2015; Zaehle et
al. 2015) have been developed by coupling together
unique Earth system component models (e.g., atmos-
phere, land, cryosphere, oceans). These provide an ideal
modeling framework to investigate interactions and
feedbacks among these components as well as the im-
pact of changes in Northern Eurasia on the global Earth
system. For example, in an ESM, carbon emissions from
land-use change in Northern Eurasia may increase at-
mospheric carbon dioxide concentrations to influence
climate, the uptake of atmospheric carbon dioxide by
oceans to influence ocean acidification, and the uptake
of atmospheric carbon dioxide by land vegetation in the
future. ESMs provide tools to investigate the response of
the system to changes in external forcings that not only
affect each of the components individually but also the
interactions among them. For example, climate change
impacts cannot be examined without considering the
role of human activity. In current ESMs, however, there
is a simple representation of the influence of human ac-
tivity on earth system components. Anthropogenic ef-
fects related to industrial, residential, and agricultural
activities may be represented by simply prescribing an
input of greenhouse gases into the atmosphere. More so-
phisticated ESMs might also use prescribed changes in
land use across the globe to simulate the effects of
spatial and temporal variations in albedo, sensible and
latent heat fluxes, and greenhouse gas fluxes on regional
and global energy budgets. In these ESM studies, the
simulated human activity is determined solely by
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prescribed policies without any consideration about how
feedbacks from changing environmental conditions
might modify these activities in the future. For example,
the land use change prescribed in CMIP5 simulations is
driven solely by socio-economic considerations and does
not account for climate change impacts on land prod-
uctivity (Hurtt et al. 2011).

Because ecological and social systems are interdepend-
ent and constantly co-evolving, their non-linear behavior
is difficult to predict. Taking into account that human
well-being and ecosystem integrity are fundamentally
linked, these processes must be managed in a way that
implies balancing economic capacity, environmental in-
tegrity, and resilience to future changes (Jones et al
2013; DeLucia 2015). For this reason, another major ef-
fort has been put into the linkage between models of hu-
man activity, including the global economy, global trade,
demography, technologies, and user preferences—which
are essential to study the potential impacts of humans
on the environment—and models of the physical climate
system, generally simplified compared to ESMs. These
models are known as integrated assessment models and
allow economic decisions to respond to changing envir-
onmental conditions to support mitigation and adapta-
tion efforts (IAMs; Rotmans et al. 1990; Alcamo et al.
1994; Weyant et al. 1996; Prinn et al. 1999; Sokolov et al.
2005, 2009; van Vuuren et al. 2006, 2007; Riahi et al. 2007;
Hijioka et al. 2008; Melillo et al. 2009, 2016; Wise et al.
2009; Reilly et al. 2012; Hallgren et al. 2013; Prinn 2013;
Nelson et al. 2014, 2014; Sue Wing et al. 2015).

IAMs have been at the core of the Representative
Concentration Pathways (RCPs, van Vuuren et al. 2011),
a set of socio-economic and emission scenarios, includ-
ing socio-economic change, technological change, en-
ergy and land use, and emissions of greenhouse gases
and air pollutants, developed for the climate modeling
community in support of the IPCC AR5.

More recently, major efforts have focused on develop-
ing models with a detailed representation of all compo-
nents of the coupled Human-Earth system, by coupling
IAMs with ESMs, or essentially replacing the simplified
representation of the climate system in IAMs with
ESMs. Such models can provide novel insights into the
complex issue of global change by accounting for an ex-
haustive number of feedbacks among the components of
the Earth system and of the human system.

Figure 19 shows an example of a coupled human-
Earth system model, with three pathways for feedbacks
between the two systems. The first pathway includes the
human activity model providing emissions of greenhouse
gases, aerosols, and other precursors of atmospheric pol-
lution, thus providing the footprint for both future cli-
mate change and air quality, with a feedback on the
human system through health impacts. The second
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EARTH SYSTEM

model (IAM) that couples a human activity model and an Earth system model (ESM)
hange, and water resources (from Monier et al. 2017). See text for details

pathway centers on land, with the human activity model
making decisions on land use change based on natural
ecosystem productivity and crop yield. Finally, the third
pathway centers on water, with the Earth system model
computing basin-wide geophysical water resources and
the irrigation demand from crops, and the human system
model making economically based decisions on water
availability for irrigation, with competition from municipal
and energy use. The global and regional climate would in

turn be affected by land use and land cover chang

rigation, through both emissions of greenhouse gases,

changes in albedo and in the hydrological cycle.

At the frontier of integrated assessment modeling, a
number of issues have emerged that can be better exam-

ined with the ongoing development of coupled

Earth system models for Northern Eurasia (Monier et al.

2017) and include the following:

e The food-energy-water (FEW) nexus. While
FEW is a global issue and major efforts are

underway to improve its representation in models of
the coupled human-Earth system, it also has unique
characteristics over Northern Eurasia that require
specific improvements for such models to be useful,
including thermokarst dynamics, permafrost
degradation, scarcity of human infrastructure, varied
levels of agricultural development and management
practices, locally diverse hydrological conditions
associated with complex biomes, and climate
interactions.

The air quality and health nexus. In addition to the
traditional anthropogenic precursor emissions
associated with the industry, energy and
transportation sectors, or biogenic emissions of
precursors, Northern Eurasia experiences varied and
complex sources of air pollution, including wildfires,
crop residue burning, and dust. Accounting for
these sources of pollutants, specific to Northern
Eurasia, along with the transport of pollutants to
and from surrounding countries, to quantify the

e and ir-

human-

the
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economic impact of future changes in air
pollution in the region can prove key to
accurately inform policy responses for Northern
Eurasia.

e The new transnationalism of natural resources. The
more porous international borders that have
emerged after the dissolution of the former Soviet
Bloc have considerable implications for Northern
Eurasia’s natural resources. In particular, forest
resources, but also oil and gas, are at the nexus of
regional demand due to uneven distributions within
the countries of Northern Eurasia. Understanding
and developing levels of sustainable use will have
implications ranging from local human livelihoods
to the global carbon budget. Integrated models will
need to include local, regional and, now, even
international drivers and consequences of these
coupled human-natural systems pertaining to
natural resources.

e The opening of new Arctic trade routes. New trade
routes emerging as the result of the shrinking of
Arctic sea ice extent could result in the ability of the
timber industry and energy exploration to reach
remote areas like Siberia. The development of
infrastructures to respond to these new economic
opportunities, including potential population
migration within Northern Eurasia and from
neighboring regions, will face challenges such as
with climate-driven permafrost degradation or the
disappearance of temporary roads constructed over
frozen lakes and rivers. Investigating the fate of
Northern Eurasia as these new trade routes emerge
will require a detailed regional coupled human-Earth
system model.

As with any model activity, the representation of inter-
actions and feedbacks among Earth system components
and societal activities in Northern Eurasia can be im-
proved within models, in order for these models to ad-
dress such emerging issues. Insights gained from
previous and ongoing efforts by the NEESPI/NEFI re-
search community, such as those on the unique features
and processes of Northern Eurasia described above,
could be incorporated to guide these model improve-
ments to create a new generation of coupled human-
Earth system models to study the role of Northern
Eurasia on global change. For example, most ESMs do
not have a representation of permafrost dynamics, which
is important for Northern Eurasia as the presence of
permafrost affects the availability of soil moisture and
the timing and magnitude of runoff (which are import-
ant for the FEW nexus), the ability to support buildings
and other infrastructure (which is important for the
socio-economic development of remote regions in
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Siberia as Arctic trade routes open up after the sea ice
retreat), and vegetation primary production rates and
decomposition rates of organic matter (which influence
the ability of the landscape to provide food, energy, and
timber and impact the timing, extent, and severity of
wildfires, which in turn, impact air quality and health).
In addition, the degradation of permafrost might also be
associated with several important tipping points includ-
ing those related to water availability and the release of
land carbon to the atmosphere. The representation of
permafrost dynamics in ESMs could strongly benefit
from an improved representation of soil thermal dynam-
ics, as influenced by water, ice, organic matter and soil
texture in the soil profile, and of the surface insulating
layer and its modification by snow cover, moss, litter, or
wildfires. Furthermore, we suggest that to improve key
processes relevant to Northern Eurasia in ESM and
IAM, like permafrost degradation, a stronger involve-
ment of the Northern Eurasia modeling community and
local stakeholders is needed.

Conclusions

The major goal of this paper is to introduce the reader
to the present challenges in Northern Eurasia and to
outline the pathways forward to address these challenges
in the coming decades. In doing so, we have provided
the reader with a sample of exemplars of NEESPI’s ac-
complishments. The science questions of the “Northern
Eurasia Future Initiative” or NEFI derive from an urgent
need to incorporate and expand our knowledge of the
consequences of human and social dimensions in asses-
sing current and future change in Northern Eurasia.
Across this region, the future strongly depends upon this
incorporation and the amelioration of environmental
change, the effects of these changes on human societies,
and bridging the considerable gaps in research
procedures, capacity for prediction, and in time- and
space-scales that complicate the integration of human
dynamics with environmental dynamics.

When the embryonic NEESPI project began over a
decade ago, there were concerns that a program span-
ning Eurasia involving scientists from multiple disci-
plines based in a score of nations with complex and
sometimes opposing diplomatic missions could have
been a failure. However, there were several significant
factors that brightened and opposed such a dark fore-
cast. Truly, interdisciplinary interactions among engaged
scientists who tackled a shared problem are a remark-
able glue for holding research projects together, and they
proved that creativity can prosper in “bottom-up” re-
search programs. The role of Northern Eurasia as a re-
cipient and generator of planetary climatic change is an
important “big question” that captures the imagination
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of many scientists and transcends disciplines, cultures,
languages, and national politics. It is also a challenge
whose unraveling requires teams working together
openly in earnest and in good faith. The consequences
of environmental and socio-economic change in North-
ern Eurasia that may spread well beyond its boundaries
have been simply too dire to leave them unstudied and,
generally speaking, unknown. NEESPI was born to re-
verse the situation by elucidating both negative and
beneficial aspects of these changes to inform societies
and, thus, better prepare them for resilient future devel-
opment. An objective of NEFI is that this development
must now be secured by science-based strategies pro-
vided to regional decision-makers at different levels that
will lead their societies to prosperity.

Northern Eurasia has undergone significant environ-
mental change, having experienced warming in the past
few decades that already exceeds the 1.5 to 2.0 °C warm-
ing limits adopted as a target at the United Nations
Climate Change Conference (30 November—12
December 2015, Paris, France). Several aspects of this
warming are manifested in changes in the regional en-
ergy and hydrological cycles, which affect and interact
with the biosphere and with socio-economic activities.
These changes are multifaceted. Some of them seem and
are inevitable (e.g., ecosystems’ shift, glacial retreat and
permafrost thawing, increased fire regimes, the new state
of the regional environment); however, it is imperative
they are acknowledged and comprehended. Some of
these changes, particularly if their consequences are ad-
verse for human well-being, can be reversed, moderated,
or mitigated—hopefully to levels that will completely or
substantially negate their undesirable impacts. These lat-
ter instances include proactive and sometimes quite
expensive interventions in water management, forestry
and agricultural practices, environmental protection,
infrastructure and urban planning, and resource con-
sumption. In any case, the scientist’s duty is to
propose and justify strategies for resilient future de-
velopment in the region. “To justify” is a key word
here. Scientists must strive to know the Earth system
in its functional entirety to develop the tools neces-
sary to project the future state in response to natural
and societal impacts, as well as to estimate the overall
consequences of the realization of these scenarios on
human wellbeing.

To these ends, we have formulated three major science
questions to be answered by NEFI:

1) How can we quantify and project ecosystem
dynamics in Northern Eurasia when these dynamics
may be internally unstable, are controlled by
components that have been systematically changing,
and have a potential to impact the global Earth
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system with unprecedented rates of change over the
next few decades?

2) What are the major drivers of the ongoing and
future changes in the water cycles of Northern
Eurasia and how will their changes affect regional
ecosystems and societies, and feedback to the Earth
system and global economy?

3) How can the sustainable development of societies of
Northern Eurasia be secured in the near future by
overcoming the ‘transitional’ nature of their
economics, environmental and climatic change
challenges, and by disentangling restrictive
institutional legacies?

To address these science questions, nine research foci
are identified and their selection has been briefly justi-
fied in this paper. These research foci are (1) global
change influence, particularly warming in the Arctic; (2)
increasing frequency and intensity of extremes and
changes in the spatial and temporal distributions of in-
clement weather conditions; (3) retreat of the cryo-
sphere; (4) changes in the terrestrial water cycle; (5)
changes in the biosphere; (6) pressures on agriculture
and pastoral production; (7) changes in infrastructure;
(8) societal actions to mitigate the negative conse-
quences of environmental change and to benefit from
the positive consequences; and (9) quantification of the
role of Northern Eurasia in the global Earth and socio-
economic systems to advance research tools with an em-
phasis on observations and models. The socio-economic
research challenges are integral to and a top priority for
these research foci.

Taking into account the numerous powerful feedbacks
between the Earth and human systems in Northern Eur-
asia, we propose to employ integrated assessment
models (IAMs) at the final stage of this global change
assessment. The purpose of these IAMs is to couple
Earth system component models with the result being a
functioning integrated Earth system model. Simultan-
eously, models of the human system that represent the
global economy, global trade, demography, technologies,
and user preferences will be incorporated. These will
provide support to economic and societal decision-
makers, so they are able to thoughtfully respond to
changing environmental conditions to support mitiga-
tion and adaptation efforts. Development of IAMs which
include detailed representation of all components of the
human-Earth coupled system to account for the exhaust-
ive number of feedbacks among these components is the
overarching goal of NEFI global change research. These
models will provide information and guidance to
decision-makers in their efforts to secure sustainable
and prosperous societal development and resilience-
based ecosystem stewardship in Northern Eurasia.
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Finally, Northern Eurasia presents a range of complex
human and environmental systems varying from modern
industrial societies to traditional indigenous cultures, all
undergoing significant social and environmental change.
Certainly, the continuing transformation of the former
USSR, China, Mongolia, and Eastern Europe represents
one of the largest and most profound social changes of
recent decades. Through NEFI, the work in Northern
Eurasia is moving to more effectively address shared
goals with interdisciplinary programs at the global level.
The research record that will stand as the basis from
which to launch NEFI is a logical consequence of the ac-
complishments of NEESPIL. This situation and the need
for progress is critical. Now is the time to press forward
with this opportunity. The challenge lies before us.
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