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ABSTRACT
The Russian Far East is a region between China and the Russian Arctic with
a diverse climatological, geophysical, oceanic, and economical
characteristic. The southern region is located in the Far East monsoon
sector, while the northern parts are affected by the Arctic Ocean and
cold air masses penetrating far to the south. Growing economic
activities and traffic connected to the China Belt and Road Initiative
together with climate change are placing an increased pressure upon
the Russian Far East environment. There is an urgent need to improve
the capacity to measure the atmospheric and environmental pollution
and analyze their sources and to quantify the relative roles of local and
transported pollution emissions in the region. In the paper, we
characterize the current environmental and socio-economical landscape
of the Russian Far East and summarize the future climate scenarios and
identify the key regional research questions. We discuss the research
infrastructure concept, which is needed to answer the identified
research questions. The integrated observations, filling in the critical
observational gap at the Northern Eurasian context, are required to
provide state-of-the-art observations and enable follow-up procedures
that support local, regional, and global decision making in the
environmental context.
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1. Background

The Russian Far East, area of 6216 thousand km2, is located between latitudes 42°N and 77°N. The
northernmost point is the Henriet Island, the southern part is bordering with China, along rivers
Amur and Ussuri, Lake Khanka, the East Manchurian mountains, and with North Korea along
the Tumen River. The western part is lined with the East Siberian Plain (Figure 1). In the Russian
Far East, the northern remote environments are characterized by Arctic deserts, tundra, and for-
est-tundra. In the south the dominating vegetation types are the coniferous, coniferous-deciduous,
or coniferous-broadleaved forests, the last one providing a habitat for the subtropical species like
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ferns (Polypodiopsida), lianas (Lianae), ginseng (Panax), Siberian tiger (Panthera tigris tigris), and
Far Eastern leopard (Panthera pardus orientalis). These different natural environments and ecosys-
tems combined with the monsoon climate, volcanic activity, and permafrost make the Russian Far
East especially vulnerable to environmental change. In future, the Russian Far East is expected to be
strongly affected by climate change. The model simulations, used in the Intergovernmental Panel on
Climate Change (IPCC) fifth assessment report (IPCC 2013), indicate that the annual mean warming
in the Russian Far East will exceed the global mean warming by 50–100% or even more in the north-
ernmost parts. Precipitation is also projected to increase with typically 5–10% increased annual rain-
fall for each 1°C of global warming.

The Far East is also heavily affected by long-range atmospheric pollution. The atmospheric air
pollution coming from China not only threatens the health of hundreds of millions of people

Figure 1. Geographical situation and zonal landscapes of the Russian Far East (adapted from Isachenko 1985). Legend: I – state
boundaries; II – regional boundaries; III – zonal landscape boundaries; IV – zonal landscape numbers. Zonal landscapes: Subarctic
continental: 1 – Arctic tundra; 2 – typical tundra. Subarctic Pacific: 3 – typical tundra; 4 – southern tundra. Boreal-subarctic forest
tundra: 5 – continental and sharply continental. Boreal, transitory to subarctic: 6 – Pacific. Boreal typically continental: 7 – northern
taiga; 8 –middle taiga; 9 – southern taiga. Boreal typical Pacific: 10 –middle and southern taiga. Boreal, transitory to sub-boreal: 11
– pacific. Sub-boreal humid broadleaf: 12 – Pacific.
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(e.g. Apte et al. 2015; Kulmala 2015; Lelieveld et al. 2015; Maji et al. 2018) but also causes major pro-
blems to the agricultural and industrial productivity and to the ecosystems in the region (e.g. Lap-
palainen et al. 2018b). The Silk Road Economic Belt and the 21st Century Maritime Silk Road (B&R)
is estimated to be one of the largest economic transport corridors in the world of the Twenty-first
century. The new Silk Road economic regions and transport corridors link the Russian Far East
with globalization megatrends and lead to the increasing use of natural resources. Thus, land and
water areas may undergo substantial changes during the upcoming decades associated with increas-
ing pollution load to the atmosphere and to the ecosystems (Lappalainen et al. 2016; Lappalainen
et al. 2018a).

The regional air pollution processes have interconnections to large-scale air quality–climate inter-
actions, to atmospheric circulation dynamics, and to extreme weather events, to permafrost pro-
cesses under the changing climate, and to sea ice-free periods of the Arctic Ocean (AMAP,
SWIPA; Summary for Policy-makers, Report for Policymakers oaarchive.arctic-council.org). The
complex feedbacks related to the climate change and air quality may influence and generate impacts
on the Earth System level (e.g. Arneth et al. 2010). Thus, on the regional scale, solutions to minimize
the environmental pollution in the Russian Far East are urgently needed. The volcanic activity, per-
mafrost thawing, and under water emissions from the lithosphere are regional features that make this
task even more challenging. Only a multidisciplinary scientific approach, together with a novel
research infrastructure, can tackle these types of multi-scale questions and provide information
needed for the solutions and for the mitigation and adaptation plans (Kulmala et al. 2015, 2016a;
Lappalainen et al. 2016, 2018a, 2018b).

The aim of this paper is to introduce the specific climatological and geophysical aspects for the
Russian Far East region. Then we summarize key processes impacting the regional environment,
such as forest fires, volcanism, and emissions from the sea floor. Based on these features, we identify
key research questions that need to be tackled in the next decade. We provide an overview of the
future research infrastructure needs and underline the required observation capacity of the in-situ
stations to solve the research questions that have socio-economic relevance in the Russian Far East.

2. Specific aspects of the Russian Far East environment

Major parts of the Russian Far East are located in the monsoon region with seasonally changing
winds and influence of the Pacific Ocean. The extremely continental East Siberian sector, together
with the Far Eastern monsoon sector, and the Pacific Ocean sector modify the structure of the
high-altitude vegetation and landscape zoning (Figure 1, Tables 1 and 2). The meteorological con-
ditions are affected by the Arctic Ocean and by the cold air masses penetrating far to the south. The

Table 1. Average air temperature of the basic climatic zones of the Far East (°С).

№ Climatic zones

Average temperature

January July

1 Coastal lowland of the Arctic Ocean −35 +7 – +12
2 Central Yakutia −40 +18 – +19
3 Ayan-Kolyma −35 +12 – +14
4 Chukotka −11–34 +5 – +10
5 Kamchatka −11 – −15 +12 – +16
6 Okhotsk Sea coast −19 – −38 +12 – +15
7 Sakhalin Island South: −8 – −10

North: −20 – −24
+12 – +14

8 Primorskye Territory South: −9 – −15
North: −20 – −30

South: +20
North: +14 –+17

9 Amur region South: −22
North: −30

South: +20 – +21
North: +14 –+17

10 Kurile Islands −5 South: +18
North: +12
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air masses from the Pacific Ocean bridge the southern region to the monsoon climate. The continen-
tal climate is dominating in the mainland and in the central Yakutia the climate is sharply
continental.

The Pacific coast of the Far East, including the Kuril Islands and the Kamchatka Peninsula, is a
part of the Pacific Ring of Fire characterized by active geodynamic processes (Kolomyts 2016). Since
late twentieth century, the Russian Far East has been identified as a separate physical-geographical
subcontinent (Sochava 1962) or subcontinent of East Asia connected with the Pacific geosyncline
coinciding with the Pacific monsoon sector (Isachenko 1985).

Approximately 75% of the Far East is formed on a mountain relief. The western part is occupied
by an extensive Siberian platform with a slightly dissected surface, extensive denudation plateaus,
and separate ridges. A belt of Mesozoic folded systems with Verkhoyansk and Chersky ridges,
Dzhugdzhur mountains, Badzhalo-Bureinsky upland, and Sikhote-Alin, extend along the eastern
margin of the Siberian platform. Koryak highland, Kamchatka, Kurile Islands, and Sakhalin belong
to the area of new (Cenozoic) folding, which was formed under Quaternary and, except Sakhalin,
under modern volcanism. The limited flat terrain is mainly confined to long bending territories
on the Siberian platform and extensive depressions of tectonic origin.

The CO2 degassing from the volcanoes exemplifies the importance of the seismotectonic and vol-
canic activity forecasting. The biggest eruptions at the Far East are monitored using satellite data sup-
plied by the Monitoring of Active Volcanoes in Kamchatka and on the Kuril Islands information
system (VolSatView) (Girina et al. 2018) or 16 years of Multi-angle Imaging SpectroRadiometer
(MISR) measurements (Flower and Kahn 2017). Compared with the existing ground and airborne
observations, and alternative satellite-based reports compiled by the Global Volcanism Program
(GVP), MISR plume height retrievals show general consistency; the comparison reports appear to
be skewed toward the region of the highest concentration observed in MISR-constrained plume ver-
tical extent. A comprehensive study of methane and carbon dioxide fluxes at the level of lineaments,
or extended geotectonic zones, of the regional (300–2000 km) and planetary (3000–20 000 km)
scales, is of primary importance. The seismotectonic processes are activating the underwater gas
torches initiated by high methane content in bottom sediments such as the giant torch in the south-
western part of the Sea of Okhotsk. Consequently, the East Asian seas may have the most intense
underwater natural gas fluxes (with methane reaching 99% of the volume) controlled by the same
lineaments (Shakirov et al. 2017). Such lithospheric structures favor the formation of methane
hydrates in sedimentary deposits. Transversal geotectonic structures control the formation and
activity of the most powerful centers of methane emission and act as indicators of gas activity in
the tectonosphere and of oil and gas deposits, and gas hydrate accumulation. In future, it is very
important to monitor and assess the gas activity of such areas together with the amount of methane
entering the atmosphere.

The permafrost covers up to 80% of the land area in the Russian Far East. Non-permafrost areas
are only found in the Primorskye Territories, the Sakhalin Region, plains of the Southern Amur
Region, and the southern part of the Western Kamchatka Plain (Table 1). The depth of frozen

Table 2. Zonal landscapes in the Far Eastern Russia

Types of landscapes Subtypes of landscapes Area, thousand km2

Subarctic continental Arctic tundra 158.090
Typical tundra 303.430

Subarctic Pacific Typical tundra 315.209
Southern tundra 360.565

Boreal-Subarctic forest tundra Continental and sharply continental 249.812
Boreal, transitory to Subarctic
Boreal typical continental

Pacific 257.243
Northern taiga 2210.906
Middle taiga 1359.446
Southern taiga 513.266

Boreal typical Pacific Middle and southern taiga 258.797
Boreal, transitory to subboreal Pacific 229.239
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soil may reach 400–600 meters. The temperature of the ground varies from −1.5 to −5°C. Intermit-
tent permafrost areas are located in the South of the region, including a narrow strip of island per-
mafrost with a soil temperature varying from −1.5–0°C.

3. Socioeconomics of the Russian Far East

Several resources and economic assessments have addressed the Russian Far East region as zone of a
‘Pacific megaecotone of Northern Eurasia’ (Kolomyts 2016) or ‘Pacific Russia’ (Baklanov 2012). The
region is divided into three macroeconomic regions (Baklanov, Karakin, and Sheingauz 2005):
North-West (Yakutia), North-East (Kamchatka, Magadan, Chukotka), and South (Primorskye
and Khabarovsk territories, Amur, Sakhalin and Jewish Autonomous Region). This area as a
whole determines the trends and intensity of economic development in the Far East. It has already
affected the transformation of the geosystems during the last 150 years leading to pollution of
regional water and atmospheric systems. Today, the borderline region with China is the largest
industrial and economic region globally underling the increasing trend of environmental pollution
(Liu and Diamond 2005).

The huge geographical territory is populated only by 6.2 million people, which is 4.2% of the
population of Russia. The region is the least populated region in Russia. The population density
is 8 times lower than on average in Russia (8.6 people/km2) and is extremely unevenly distributed
across the region. The highest density (11.7 people/km2) is recorded in Primorskye territory and
the lowest in the Magadan region in Yakutia (less than 0.3 people/km2) and in Chukotka auton-
omous region (only 0.1 people/km2). In 1991–2015, the population of the region decreased by 1.9
million people (23.1%). The main part of the population lives along the rivers Amur and Ussuri
and on the coast of the Sea of Japan (Sidorkina 1997; The Far East of Russia 2015).

The land use in the Russian Far East directly relates to the population density. Thus, the southern
lands of the region are actively used (Amur, Jewish autonomous region, Sakhalin regions, Khabar-
ovsky, and Primorsky territories, Table 3, and 2015 global land cover, 2015). At the moment,
especially alarming land use change is related to the reducing forest area. The forest fires and
wood cutting are the main factors behind this negative development. The decrease of the forest
area, by 6% after year 2000, is well demonstrated by remote sensing data (Hansen et al. 2013 and
Table 4).

4. Future climate in the Far East region

The ongoing global warming is expected to continue during this century although its magnitude
depends strongly on the future pathway of anthropogenic greenhouse gas emissions as well as the
climate model used for the projection. IPCC (2013) reports a likely global mean temperature increase
of 0.3–1.7°C for the lowest (RCP2.6) and 2.6–4.8°C for the highest (RCP8.5) scenario between the
20-year periods of 1986–2005 and 2081–2100. Likewise, the warming in the Russian Far East is

Table 3. Land cover types of the Russian Far East.

Land cover Thousand m2 %

Agriculture 60.380 0.98
Forest 4057.462 65.97
Grassland 560.117 9.11
Shrubland 536.944 8.73
Sparse vegetation 434.265 7.06
Wetland 125.838 2.05
Settlement 1.870 0.03
Bare 214.805 3.49
Water 157.464 2.56
Permanent snow and ice 1.190 0.02
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Table 4. Dynamics of forest land in the Russian Far East (Hansen et al. 2013).

Administrative unit
Total reduction 2000–2016,

thousand km2
Total forest land area,

thousand km2
Percent of reduction related to the total

forest land area in the region

Yakutia 154.880 2211.436 7.00
Kamchatka Region 6.979 223.155 3.13
Primorskye Territory 3.101 139.872 2.22
Khabarovsk Territory 32.853 635.737 5.17
Amur Region 28.746 305.862 9.40
Jewish Autonomous
Region

0.362 20.186 1.79

Magadan Region 19.987 294.692 6.78
Sakhalin Region 1.594 71.454 2.23
Chukotka Autonomous
Region

4.774 155.064 3.08

Russian Far East 253.279 4057.462 6.24

Figure 2. Changes in annual, winter (December–January–February) and summer (June–July–August) mean temperature (left, unit
K per 1 K of global mean temperature change) and precipitation (right, left, unit % per 1 K of global mean temperature change) in
the Russian Far East in CMIP5 simulations. For these maps, the temperature and precipitation changes from 1986–2005 to 2081–
2100 were first averaged over 143 CMIP5 simulations for the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios and then divided by the
143-simulation mean global mean warming. While the absolute magnitude of the changes depends strongly on the RCP scenario,
these normalized patterns are nearly the same for all the scenarios.
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scenario-dependent. On average, however, the models in the 5th Coupled Model Intercomparison
Project (CMIP5) suggest that the annual mean warming in the area will exceed the global mean
warming by 50–100%, or even more in the northernmost parts (Figure 2(a)). The projected warming
is particularly large in winter, but it exceeds the global average even in summer as well (Figure 2(ce)).
Precipitation is projected to increase, with typically 5–10% larger annual precipitation for each 1°C of
global warming (Figure 2(b)), but again with a larger increase in winter than in summer (Figure 2(d,
f)).

The anticipated climate changes vary substantially between different models, which imply a need
for both further model development and adaptation strategies that are able to deal with the uncer-
tainty. This variation is exemplified in Figure 3, which shows twenty-first century seasonal and
annual mean temperature and precipitation changes in a grid box near Yakutsk for the moderate
RCP4.5 scenario, in 42 CMIP5 models separately. On one hand, the models agree well particularly
on temperature changes, in the sense that the inter-model standard deviation is much smaller than
the multi-model mean warming. Yet, the range of the simulated temperature changes is large
especially in spring (MAM in Figure 3a), possibly, in part, due to inter-model differences in the rep-
resentation of the snow-albedo feedback. One of the models even simulates a slight cooling in the
spring and only a very small warming in the other seasons. This is related to a drastic decrease in
the North Atlantic thermohaline circulation, which strongly reduces the greenhouse gas-induced
warming in this model in the extratropical Northern Hemisphere (Sgubin et al. 2018; see also
FIO-ESM in Figure 12.9 of IPCC 2013). As found in other studies and for other parts of the
world (Räisänen 2001; IPCC 2013), the inter-model agreement tends to be worse for precipitation
than for the temperature changes, partly because the signal-to-noise ratio between the greenhouse
gas-induced change and natural variability is lower for the precipitation. In northern parts of the
Russian Far East, however, the agreement is still good in the sense that the precipitation increases
nearly in nearly all models, although with a large range in the quantitative projections (Figure 3
(b) and Figure 12.22 in IPCC 2013).

5. Research questions

Global grand challenges need to be addressed on a regional scale (e.g. Lappalainen et al. 2018a). The
research questions are motivated by the increasing role of the Arctic in megatrends induced by cli-
mate changes such as new transport routes, demography changes, and use of natural resources (e.g.
Smith 2010). These megatrends have substantial impacts on the terrestrial, marine, and cryosphere

Figure 3. Seasonal (first four columns) and annual (rightmost columns) changes in (a) mean temperature and (b) precipitation near
Yakutsk (grid box at 62.5°N, 130°E) from years 1986–2005 to 2081–2100 under the RCP4.5 scenario in 42 CMIP5 climate models. The
individual model projections are shown with crosses, and the bars indicate their mean ± 1 standard deviation.
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domains which are undergoing unprecedented environmental change (Overland et al. 2019). In
order to address these changes, provision of observational data in the Arctic region has been ident-
ified as a key requirement in the Arctic Observation Summit (AOS) by Sustaining Arctic Observation
Network (SAON, e.g. Murray et al. 2020) including the marine (Vihma et al. 2019) and comprehen-
sive atmospheric observations (Hari et al. 2016; Uttal et al. 2016) as well as integration of in-situ and
satellite remote sensing (Petäjä et al. 2020).

Within the context of multi-platform comprehensive environmental observations, we identify a
set of research questions pertinent to the Russian Far East region. The key questions in the region are
connected with greenhouse gases, especially methane, and aerosol concentrations and emissions
from different anthropogenic and natural sources including local and long-range transported
sources. From the global perspective it is crucial to quantify the effect of global warming in the nature
and in ecosystem-atmosphere climate interactions, in the permafrost processes, and in the intercon-
nections of the sea ice-free periods of the Arctic Ocean.

5.1. Regionally relevant research questions

5.1.1. How much methane is emitted from anthropogenic sources including coal deposits?
Substantial amount of methane is emitted from East Siberian Sea and coal deposits (Gresov et al.
2017). The initial resources of methane from the Far East coal fields are estimated to be 11 trillion
m3. This volume is comparable with the emissions from traditional, global oil, and gas field
resources. Single coal mining site releases annually 2–4 million tons of methane into the atmosphere,
together with other harmful components such as radon, carbon dioxide, and mercury. The most
typical example of Far East coal deposits as the methane emission source is mines of the Tavri-
chansky deposit, south of Primorskye Territory. Their operation results in extremely high emission
in to the atmosphere, estimated to be over 100 m3 methane per ton of coal produced daily. Methane
content in the degassing systems reached 98%, and methane production reached 21 m3/min (Gresov
et al. 2017). Average annual emission of methane to the atmosphere with ventilation jets reached 30
million m3, and 12 million m3 with degassing installations, in total – 42 million m3. During the oper-
ation, 98 gas emissions were recorded with an initial production rate of up to 52 m3/min. In 1998, the
mines were closed and after closing, the estimated volumes of methane emissions from the mines
decreased to 150–160 million m3 in a 12-year period. At the time of closing, the extractable methane
resources were 4.9 billion m3. Without the anthropogenic degassing, for example in 2009, over 6.2
million m3 of methane were emitted into the atmosphere. There is a need to quantify these emissions
and follow their development in future.

5.1.2. How much methane is degassing from the seas?
The preliminary studies, covering major part of one of the largest East Asian lineaments, the so-
called sub-longitudinal Okhotsk-Japan Sea lineament, demonstrate various forms of degassing
hydrocarbon accumulations, namely hydrocarbon deposits, surface, and underwater gas-fluid
phenomena (over 1000 torches by 2017), gas hydrates, mud volcanoes, water-gas and geothermal
sources, and anomalous gas-geochemical fields (Mishukova and Shakirov 2017; Shakirov et al.
2017). The highest natural oceanic upward flux of methane (torch) F1 with over 2000 m height
(46°1.99N – 144°15.25′E, depth 2220 m, with a flow rate up to 5 mol/s) was recorded in 2012 at
the western part of the Kuril depression (Russian–Japan–Korean Sakhalin Slope Gas Hydrates
(SSGH) Program, e.g. Minami et al. 2012). The ascent rate of the natural gas bubbles reached
30 cm/sec or more under the general pulsating nature of the torch. The area is also characterized
by high methane content in bottom sediments: 1000 cm3/m3 and higher, with an average value of
4.2 cm3/m3 for the Sea of Okhotsk. The data obtained in 1990–2016 underline the high variability
of methane fluxes at the water–air boundary in the Sea of Okhotsk from absorption to emission
of this gas, reaching over 300 mol/km2 per day, both in the whole sea area and in time, accumulating
into more than 200 thousand tons of methane per year. In the north of the Sea of Japan (Tatar Strait),
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these values, affected by the underwater ascending methane flows, reached even 400 mol/km2 per
day (Shakirov et al. 2017).

Activation of most of the underwater gas torches, including the giant torch in the southwestern
part of the Sea of Okhotsk, originates from strengthening of seismotectonic processes. For example,
the most catastrophic event in the period preceding the torch detection was the Tohoku earthquake
in 2011. This, and the subsequent earthquakes in 2012–2013, increased the gas emissions in the wes-
tern part of the Kurile basin. The gas emissions triggered seismotectonic and volcanomagmatic acti-
vation, which was observed in the marginal seas of the northwestern Pacific Ocean and their framing
then and to the present day. The studied lineament extends from the Sea of Japan and the Sea of
Okhotsk to the Laptev Sea and joins with the seismically (Magnitude≤6) and volcanically active Gak-
kel Ridge at the south, where extensive field (about 6000 km2) of underwater methane torches that
were discovered in 2011. As a summary, the spatiotemporal variability of these emissions needs to be
better quantified, characterized, and monitored in order to address their contribution to the methane
emissions into the atmosphere.

5.1.3. How much gases and aerosols are emitted from volcanoes to the atmosphere?
Up to 12% of all active volcanoes in the World are located in the Far Eastern Russia (Gushchenko
1983). The most active volcanoes are located in Kamchatka, where three to five volcanic eruptions
taking place every year (Senyukov 2013). The active volcanoes include Klyuchevskaya Sopka, Bezy-
myanny, Shiveluch, Karymskaya Sopka, and Avachinskaya Sopka. Volcanoes of the Kurile Islands
are Mendeleyev, Alaid, Severgin, Sarychev Peak, and Snow. The previous eruption data in Kam-
chatka and Kurile Islands indicate a significant contribution of volcanic activity to the atmospheric
gas emissions (e.g. Carn et al. 2017; Taran et al. 2018). The effect has been registered over a major
part of the northern hemisphere.

Volcanic ash is one of the major aerosol sources globally, consisting of both primary volcanic ash
and secondary sulfate aerosol particles (e.g. Markhinin 1985; Mills et al. 2016). Formation of sulfate
aerosols from the SO2 emitted by the volcanoes can distribute to regional (e.g. Petäjä et al. 2012) or
even global scale, depending on the height of the plume. Remote sensing data on the activity of gas
emissions for integral estimates of volcanic gas flows are still challenging (Carn et al. 2017). It is
difficult to quantify the amount of volcanic gases emitted into the atmosphere. The amount of
emitted gases is expected to be many times higher than the amount of volcanic ash as the volcanic
explosions occur under the influence of mantle gases. For example, in December 2006 and March
2007, after eruptions of Bezymyanny and Shiveluch volcanoes in Kamchatka, the volume of erupted
ash was estimated to be 7 million tons of ash containing 30 000 tons of water-soluble substances
(Malik 2011). To put this into perspective, the amount of SO2 emitted to the atmosphere corre-
sponded to the emissions equal to 1–3 months emissions on an industrial city with a million inhabi-
tants. During the eruption of the Bezymyanny volcano on 24 December 2006, the amount of SO2

corresponded to the annual industrial emissions of the Kamchatka Region and was discharged
onto the snowcover of the adjacent territories within one hour. The hydrochloric acid (HCl) amount
was equal to the annual emissions of a city with a population of a million (Malik 2010).

On 11–16 June 2009 an eruption of the Peak Sarychev volcano occurred on the Matua Island
(Central Kurile Islands) and nine giant explosions were recorded. The ash clouds reached 16 km
in altitude. The impact of the volcanic activity was traced from Komsomolsk-on-Amur to the Alaska
Peninsula, where they detected as an increase in the atmospheric concentration of SO2 with values
exceeding 5.0 Dobson Units (Sarychev Eruption 2018), and the fallout of volcanic ash was registered
from the neighboring islands to the eastern part of Sakhalin (Rybin, Razzhigaeva, and Ganzei 2010,
2011). Lidar observations demonstrated the aerosol disturbance in the stratosphere over the city of
Tomsk, Western Siberia and evidenced the formation of considerable aerosol layers at the altitude of
13–17 km in June–December 2009 as a result of a volcanic eruption on the Matua Island (Bazhenov
et al. 2012). For the future, particularly important is the atmospheric air monitoring in settlements
located near the active volcanoes. For example, in the city of Severo-Kurilsk, Kuril Islands, due to the
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vicinity of the Ebeko volcano (Kalacheva et al. 2016), in January–May 2005, concentration of hydro-
gen sulfide (H2S) in the air was almost constant as a result of increased fumarolic activity of Ebeko
volcano. The excess concentrations reached 14–20 times the maximum permissible concentration.
With the accompanying winds from the fumarolic fields and during calm air the maximum permiss-
ible concentration of H2S exceeded 100 times (Kotenko 2008).

Generally, carbon dioxide is a dominant gas emitted by the volcanoes of the Kurile Islands, fol-
lowed by sulfur dioxide and nitrogen. The concentration of the volcanic gases from the Kurile
Islands’ volcanoes was distributed, on average, as follows: CO2 68%, oxygen 6.7%, nitrogen 28%,
hydrocarbon gases (in total) 4%, carbon monoxide 0.04%, hydrogen sulfide 3.9%, sulfur dioxide
0,8%, hydrogen chloride 0.4%, hydrogen 1.1%, noble gases (argon, krypton, xenon in total) 0.6%,
and helium and neon around 0.01%. Nearly evenly distributed are carbon dioxide and sulfur
gases. The relative hydrogen content in some cases reaches very high values, up to 39% in Cherny
volcano in Chirpoi Island. Currently, there are no reliable estimates of the greenhouse gas emissions
from the volcanoes of the Kuril Islands and Kamchatka (Taran et al. 2018). It is necessary to carry
out comprehensive studies using a suite of gas analyzers to monitor the ambient concentrations and
quantify the greenhouse gas emissions from the volcanoes in the region.

The volume of volcanic ash delivered to atmosphere has a pronounced impact on landscapes and
river systems being the main stressor of the environmental processes in the region. These have var-
ious impacts on pollution rates and ecosystem production. Mercury and spheroidal carbonaceous
particles (an unambiguous indicator of fossil fuel combustion) concentrations are typically low
but clearly detectable indicating that both regional and global pollution sources are observed in
the lakes (Jones et al. 2015). More recently, the geochemical signals in river system to volcano erup-
tion (Kuksina and Alekseevskii 2018) emphasize the importance of comprehensive environmental
observation. Overall, there are no established processes to support any kind of regular monitoring
observations in the region (Jones and Solomina 2015).

5.1.4. How much gases and aerosols are emitted from the forest fires?
Forest fire is the single most significant factor affecting the regional air quality throughout the Rus-
sian Far East, although there is a high annual variation in number and area of forest fires (Natural
Resources Use 2005; Forest Sector of the Russian Far East: an Analytical Survey 2008; Shlotgauer and
Kryukova 2008; Sokolova, Kogan, and Glagolev 2009). The main areas of forest fires are located in
Yakutia and in the southern Russian Far East have been characterized with an increasing number of
forest fires since 1960s (Forest Sector of the Russian Far East: an Analytical Survey 2008 and Table 5).
Catastrophic forest fires occur, on average, once every 10 years. The burned area in the catastrophic
forest fires is typically 3–10 times larger than the annual average area of the forest fires (Natural
Resources Use 2005). In the southern part of the Far East, the catastrophic fires occurred in 1976,
in 1988, and in 1998 (Forest Sector of the Russian Far East: an Analytical Survey 2008). Statistics

Table 5. Average annual area of forest fires, thousand ha (Natural Resources Use 2005; Regions of Russia 2008; Environmental
protection 2010, 2016).

Administrative unit

Years

1991–2000 2001–2010 2011–2015

Yakutia 97.3 240.5 442.5
Kamchatka Region 70.5 15.5 1.5
Primorskye Territory 17.9 25 20.2
Khabarovsk Territory 235.0 150.6 94.5
Amur Region 63.7 206.7 118.3
Jewish Autonomous Region 2.7 12.6 27.2
Magadan Region 8.0 54.9 3.9
Sakhalin Region 6.4 11.1 1.7
Chukotka Autonomous Region … 27.6 2.1
Russian Far East 501.5 773.5 711.9
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of the forest fires of the southern part of the Far Eastern region in 2000–2015 shows that the increas-
ing trend of forest fires continues (Table 5). In 2001–2010, compared to the previous decade, the
average annual area of fires decreased only in Khabarovsk Territory and in Kamchatka Region,
and increased significantly in the other areas.

The catastrophic forest fires in the southern Far East in the period of 2000–2015 took place in
2008 with an area of 900,000 ha and in 2009 in 859,000 ha. In January to November in 2017, the
area of forest fires in Primorskye, Khabarovsky Territories, Amur and Jewish Autonomous Regions
amounted to 521,800 hectares, which was higher than the average annual values for 2010–2015
(Tables 5 and 6) (Forest Fire Situation 2008). Referring to the 10-year periodicity in the catastrophic
forest fires, we can predict that the next peak of forest fires in the southern region would take place in
near future.

In the Heilongjiang and Jilin provinces in China bordering with the Far Eastern Russia, the forest
fires were frequent in the late twentieth century. In 1950–1995, the average area of annual forest fires
in Heilongjiang reached 328,000 ha (or 37.5% of all forest fires in China), and 122,000 ha (14%) in
Jilin (Shu et al. 2006). However, according to the statistical data for 2003–2015 the situation has sig-
nificantly improved (Figure 4). In 2011–2015, the average annual area of fires in Heilongjiang and
Jilin provinces was only 80,000 and 20,000 hectares, respectively, decreasing by several orders of
magnitude from the previous decades.

The decadal cycle of intense forest fires dynamics in the North-Eastern provinces in China and in
the Russian Far East seems to be associated with the climatic conditions. The peak intensity in the
forest fires in the area was registered in 1952, 1962, 1972, and 1982. Other periodicities in the forest
fire extent are also present (Shu et al. 2006). For example, in 2003, when the total area of forest fires in
Northeast China exceeded 1 million hectares, and in 2006 the burned area was 487,600 hectares. In
contrast, in 2011–2014 only a very small area of forest burned. Such a small area of forest fires could
be connected not only to the atmospheric conditions, but also to the improved forest fire prevention
and prediction system. There were anomalous wind conditions over the south of Siberia, Far Eastern
Russia, and Northeastern China in the summer of 2013, which resulted in long periods of rain and
catastrophic flooding of the Amur River. The initiation and spread of forest fire and emissions
depend on weather parameters and accumulation of fuel pertinent for fire risk management (Ying
et al. 2018).

Generally, the forest fires emit a suite of trace gases and aerosol particles (e.g. Janhäll, Andreae,
and Pöschl 2010; Virkkula et al. 2014) into the atmosphere. In general, the amount of emissions
depends on the amount and type of the burnt organic matter, its chemical composition, ignition
and fire propagation conditions, and type and intensity of the fire (Kogan 2013; Hu et al. 2019;

Table 6. Forest area affected by fires, thousand ha (China Statistical Yearbook 2004–2016; Regions of Russia 2008; Environmental
protection 2010, 2016).

Administrative unit

Years

2000 2005 2010 2015

Russia
Yakutia 8.9 335.3 87.2 18
Kamchatka Region 322 2 4.3 1.9
Primorskye Territory 0.8 10.7 12.6 8.3
Khabarovsk Territory 64.5 226.8 40.7 7
Amur Region 192.8 31.9 36.6 162.5
Jewish Autonomous Region 1.1 1.4 3.3 128
Magadan Region 61 3.6 396.8 4.4
Sakhalin Region 0.1 0.6 0.4 0.05
Chukotka Autonomous Region 1.9 0.3 174.9 0.7
Russian Far East 653.1 612.6 756.8 331
China
Jilin Province n/a 0.04 0.1 0.5
Heilong Province n/a 132.2 13.8 0.8
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Hu et al. 2019). The vast area of the Far East and the great variety of its natural conditions com-
plicate the assessment of pollutants emitted by the forest fires across the region. Calculations for
the selected areas show the volume of air pollutant emission during fires, for example, in the Jew-
ish Autonomous Region in 2009 reached 51,397 tons, out of these 71.6% was accounted as CO2,
12.16% for hydrocarbons, 10.74% for aldehydes, 4.8% for CO (Kogan 2013). Monitoring the
spatial and temporal variation of the forest fire emissions in the Far East as well as interannual
variation is needed to address the impacts of forest fires to the health of the population and
the environment.

5.1.5. What is the role of long-range air pollution for the Russian Far East environments?
The industrial emission including, the transported emissions in the Russian Far East in 2015, was
estimated 1597 thousand tons with a variation in the emission volumes between different adminis-
trative areas (Baklanov, Karakin, and Sheingauz 2005). The highest emissions were observed in the
most economically active areas in Primorskye, Khabarovsky territories, and in the Amur Region
(Table 7). Significant emissions were registered over southern Yakutia. The anthropogenic emissions
were consistent with the division of three macroeconomic districts (Baklanov, Karakin, and Shein-
gauz 2005).

The long range, anthropogenic pollutants from China are of particular relevance for the Russian
Far East environments. The industrial production of northeastern Chinese provinces is considerably

Figure 4. Area of forest fires in China, thousand ha (China Statistical Yearbook 2004–2016).

Table 7. Industrial and motor transport emissions of air pollutants, thousand tons (Main indicators 2011; Environmental protection
2016).

Administrative unit

Industrial emissions Motor transport emissions

2010 2015 2010 2015

Yakutia 161.1 286.6 85.7 72.4
Kamchatka Region 36.8 24.8 51.7 52.6
Primorskye Territory 232.8 192.9 235.4 234.8
Khabarovsk Territory 117.2 115.8 114.5 145.0
Amur Region 118.6 127.5 92.8 93.2
Jewish Autonomous Region 25.4 27.3 28.5 28.8
Magadan Region 100.4 72.5 68.6 62.9
Sakhalin Region 22.5 18.6 14.4 15.7
Chukotka Autonomous Region 21.6 21.4 4.9 4.7
Russian Far East 836.4 887.3 696.5 710.0
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higher than that of the Russian Far East (Ganzei 2005). The total amount of atmospheric pollutants
from Heilongjiang and Jilin provinces cannot be currently estimated due to the heterogeneity of the
available data. However, statistical analysis on SO2 and NO emissions clearly indicates that the
volume of these air pollutants in the adjacent territories of China is several times higher than that
of the Russian Far East (Table 8). It should also be noted that the area of the two Chinese border
provinces is 9.69 times smaller, but the population is 10.58 times higher than in the Russian Far East.

The southern part of Russian Far East is exposed to transboundary transport of pollutants from
the industrial centers in East Asia. Analysis of monitoring data on the chemical composition of pre-
cipitation revealed an increase in the acidity of precipitation in the south of the Russian Far East
(Kondrat’ev et al. 2013; Kondrat’ev 2014). The abnormally low pH of snow cover with acidity of
below 4 pH. was recorded first time in Primorskye territory in a clean environment in 2005. Synoptic
weather pattern analysis revealed that the stable snow cover in Primorskye Territory was formed as a
result of five cyclones. Four cyclones were formed in East China and over the Yellow Sea (Kondrat’ev
2014). The cyclones formed over the urbanized areas of China in the polluted air with acid-forming
substances. In general, the acidity of precipitation has increased since early 1980s in the south of the
Russian Far East. For example, increasing pH variability of precipitation and increasing trends of
concentration of sulfates and nitrates were observed at monitoring stations of Sadgorod (south of
the Primorskye territory) and Terney (north of the Primorskye territory, Figure 5). The concen-
trations of sulfates and nitrates in Terney were lower than in Sadgorod, which could be explained
by the contribution of cities of Vladivostok and Artem in Terney observation site.

Furthermore, the seasonal variability of the chemical composition of precipitation indicated that
snow, compared to rainfall, was more mineralized and the snow contained higher concentrations of
SO4, NO3, Na, Ca, Mg, Cl (Figure 6). Winter precipitation in Primorskye territory is typically formed
in south-western cyclones. In Vladivostok, at the EANET-Primorskaya monitoring station, half of
ionic composition of precipitation (rain and snow) was determined by the total content of SO4 +
NO3 and their relative contributions were almost equal. In the snow cover, their ratio was similar.
In precipitation at the Ternei station, the contribution of SO4 and NO3 to the total ion content
was 33% with concentrations of 1.4 and 1.2 mg/l, respectively. In 2012–2013, the pH values for
the average precipitation were 4.33 at the Vladivostok station, 4.99 at the Primorskaya station,
and 4.89 at the Terney station. The increased SO4 and NO3 concentrations of precipitation and
snow cover in the southern part of Primorskye Territory were related to the specific composition
of local emissions, mainly from cars and ships, and to the transboundary transport of pollutants
(Kondrat’ev et al. 2017).

Table 8. Sulfur dioxide and nitrogen oxide air emissions from industrial sources, thousand tons (Environmental protection 2001,
2006, 2016; Main indicators 2011; Far Eastern Federal District 2011; China Statistical Yearbook 2004–2016).

Administrative unit

Years

2000 2005 2010 2015

SO2 NO SO2 NO SO2 NO SO2 NO

RUSSIA
Yakutia 15.1 24.8 15.2 21.9 12 24.3 11.5 30.0
Kamchatka Region 13.3 8.6 15 3.8 12 4 3.2 3.5
Primorskye Territory 97.6 22.3 99.4 22.3 76 23.7 58.5 23.1
Khabarovsk Territory 38.8 24.4 30 24.4 25 20.7 18.8 24.2
Amur Region 21 7.1 19.1 7.1 20 9.7 22.0 15.2
Jewish Autonomous Region 5.1 3.7 4.9 3.1 5 3.2 4.9 3.1
Magadan Region 16.5 11.8 16.4 10.9 14 16.1 4.2 14.1
Sakhalin Region 3 1.3 3.3 2.8 3 1.8 2.3 1.3
Chukotka Autonomous Region 5 3.5 5.9 2.8 4 2.6 4.8 2.1
Russian Far East 215.5 106.1 209.2 99.3 168 106 130.2 116.5
CHINA
Heilong Province n/a n/a 508 n/a 490.2 783.7 456.3 644.8
Jilin Province n/a n/a 383 n/a 356.3 604.7 362.9 501.7
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Both the atmospheric transport of pollutants and the lateral transport via transboundary rivers in
the region have a significant impact on the concentration of anthropogenic chemicals in the Russian
Far East environment. The largest hydrological pathways are tributaries of Amur River, which flow
from China to Russia, and Selenga River, which brings water fromMongolia to Russia and from Lake
Baikal in particular (Karthe et al. 2017). The transboundary pathways and mass flows of heavy metals
and metalloids in both dissolved and suspended forms in the region were studied during field cam-
paigns in 2011 and 2013, (Lychagin et al. 2017). Urban (Ulaanbaatar and Ulan-Ude) and industrial
centers (Zaamar gold mining and Zakamensk tungsten–molybdenum mining) had a strong effect on
water quality degradation over short distances underlined with a factor of 3–6 increase in heavy
metal and metalloid concentrations downstream. The study also found out that the Selenga River
had enriched levels of both dissolved and suspended levels of metals as compared to world average
in surface waters (Lychagin et al. 2017). The important aspect of these insights is that no regular
monitoring network exists at the moment in the region to predict the transport of pollutants or
their impacts to the environment. To fill this gap starting in 2018, a novel monitoring program,

Figure 5. Dynamics of рН and concentrations of sulfates and nitrates in precipitation from Sadgorod and Terney stations in 1981–
2015 and 1983–2015, respectively.

Figure 6. Concentrations of basic ions in rain and snow from Vladivostok, Terney, and EANET stations in 2012–2013.
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under Pan Eurasian Experiment (PEEX, www.atm.helsinki.fi/peex, Kulmala et al. 2015; Lappalainen
et al. 2018a) in connection with Baikal Selenga River network (BaSeNet www.atm.helsinki.fi/peex/
index.php/baikal-selenga-network-basenet), aims to quantify the waterborne transport of matter
under changing hydro-climatic conditions on large drainage basin scales (see https://www.atm.
helsinki.fi/peex/index.php/baikal-selenga-network-basenet).

5.2. Globally relevant research questions

Globally relevant research questions related to the specific characteristics of the Russian Far East
region connect to the effect of global warming on the nature and ecosystem-atmosphere climate
interactions, to the permafrost processes under changing climate, and to the role of Arctic Ocean
and ice-free periods. The climate-related feedback mechanisms either speed up or slow down the
changes of the climate-related parameters in the presence of external forcings (Arneth et al. 2010;
IPCC 2013; Scott et al. 2018). For example, the continental biosphere-aerosol-cloud-climate
(COBACC) feedback loop is relevant to the regions covered by taiga forests and is related to the
ambient air temperature, gross primary production, secondary aerosol formation, cloud formation,
and linked to the radiation balance (Kulmala et al. 2014). Quantification of the strength of these feed-
back mechanisms in the Russian Far East can contribute to the understanding of climate change.

Furthermore, a major part of the Northern Eurasian region is covered by continuous permafrost
and changes in the turnover of the soil carbon stocks due to permafrost melting will likely switch the
terrestrial ecosystems from being carbon sinks to being carbon sources (Koven et al. 2011; Schaefer
et al. 2011). The permafrost soils and their greenhouse gas emissions in the tundra environment are
important for the global climate. The current climate change scenarios underline the urgent need for
a systematic permafrost monitoring, together with greenhouse gas measurements in various ecosys-
tems. The processes of the Arctic Ocean, the interaction between the ocean and the other com-
ponents of the Earth system including the air–sea exchange of momentum, heat, and matter, and
the dynamics and thermodynamics of sea ice are major issues need to be better understood. For
example, we need to quantify the effects on the ocean, surrounding continents, and aerosol budgets
(Vihma et al. 2019) caused by sea ice decline.

The Pan Eurasian Experiment (PEEX) Science Plan (Lappalainen, Kulmala, and Zilitinkevich
2015) introduced the large- scale research questions relevant to Northern Eurasian region. The quan-
tified environmental information and data from Russian Far East play a critical role in this context
and the research questions are:

. What are the net effects of various feedback mechanisms in (i) land cover changes (ii) photosyn-
thetic activity, (iii) GHG exchange and BVOC emissions (iv) aerosol and cloud formation and
radiative forcing? How do these vary with climate change on regional and global scale?

. How fast will permafrost thaw proceed, and how will it affect ecosystem processes and ecosystem-
atmosphere feedbacks, including hydrology and greenhouse gas fluxes?

. How will the extent and thickness of the Arctic sea ice and terrestrial snow cover change and what
are the interconnections of the sea ice-free periods of the Arctic Ocean?

6. Monitoring infrastructure and future needs

The specific characteristics of the diverse Far East natural environment in terms of vegetation, per-
mafrost, volcanic activity, and the marginal seas at the continent-ocean transition zone, set specific
requirements for the atmospheric and environmental monitoring. The region possesses huge uncon-
ventional natural gas resources comparable to the global conventional natural gas reserve and is
under pressure of increasing local industry. The Far East region is heavily affected by long-range
atmospheric and riverine pollution, and the quantification of the contributions of regional and
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transported pollution is a complex task. Currently available scientific data provide only a general idea
of the scale of the present atmospheric composition in the Russian Far East region. To be able to
solve the most urgent research questions raised in the sections before we need a comprehensive
monitoring system. New data are needed from an advanced in-situ station network in combination
with ground-based remote sensing (lidars, radars, radiometers) and with satellite-based Earth Obser-
vation (EO) data. The ‘Stations for Measuring the Earth surface and Atmospheric Relations’
(SMEAR) concept provides such a comprehensive environmental observation system for the in-
situ component and it enables detection of atmospheric composition, analysis of physical properties,
composition, and chemical transformation of aerosol particles, source appointment analysis, and, in
a wider scale, also the land-atmosphere interactions and feedbacks (Hari et al. 2016; Kulmala 2018).

Furthermore, the comprehensive experimental approach of the SMEAR-concept (Hari et al.
2016) allows us to identify new scientific questions and tackle rising environmental challenges not
only in the atmospheric domain but also those that are pertinent e.g. to terrestrial ecosystems
(Hari et al. 2016) and marine environments (e.g. Vihma et al. 2019) but also integration between
the in-situ and satellite observational data (e.g. Petäjä et al. 2020).

6.1. In-situ stations

Upgrading the in-situ stations or establishing new comprehensive stations as an in-situ observation
network would fill the data gap required to tackle the research questions. The network would provide
information on the concentrations of the greenhouse gases and aerosols from various sources and
enable us to tackle atmospheric chemistry-related environmental problems. They would also provide
benchmark observations to assess air quality in the region and allow quantifying the land–atmos-
phere feedbacks and interactions that are pertinent to climate change (e.g. Kulmala et al. 2004;
Arneth et al. 2010; Kulmala et al. 2014; Kulmala et al. 2016b). The upgrading would also increase
the availability of harmonized meteorological data needed for the regional climate modeling and
improving the prediction accuracy of the climate scenarios for the Russian Far East.

Advances in our theoretical understanding have already revealed how elevated air pollution
affects weather conditions (e.g. Ding et al. 2013, 2016), and how the aerosol particles decrease atmos-
pheric turbulence and mixing reducing the boundary layer height and thus further elevating the sur-
face pollution concentrations (Ding et al. 2016 Petäjä et al. 2016;; Wang et al. 2020). The secondary
aerosol formation contributes to this process (Kulmala et al. 2017). To tackle air quality–climate
interactions, Kulmala (2015) and Kulmala (2018) introduced a roadmap for a holistic multi-pollu-
tant approach, which provides a pioneering, long-lasting, and cost-effective strategy for solutions to
air-pollution problems in large urban regions and in megacities. However, it is also applicable in
remote regions like Russian Far East. The advanced air quality monitoring is based on the
SMEAR measurement concept and integrative data analysis (e.g. Petäjä et al. 2016). The key par-
ameters to be observed are aerosol particle physical, chemical and optical characterization, green-
house gas, and other trace gas concentrations and fluxes between the atmosphere and land-
surface together with ecosystem and meteorological observations (Hari et al. 2016).

The comprehensive observations enable quantification of large-scale feedback mechanisms. For
example, Continental Biosphere-Aerosol-Cloud-Climate (COBACC) feedback was identified and
verified against observations from SMEAR II (Hari and Kulmala 2005) station in Hyytiälä, Finland.
The results indicate that a 10 ppm increase in atmospheric CO2 concentration leads to a significant
increase in both carbon sink and secondary aerosol source (Kulmala et al. 2014). These effects oper-
ate through changes in gross primary production, volatile organic compound (VOC) emissions,
atmospheric oxidation (Ehn et al. 2014) followed by clustering and growth (Kulmala et al. 2013;
Tröstl et al. 2016; Kerminen et al. 2018). There is also a link between secondary organic aerosol for-
mation and cloud properties (Paasonen et al. 2013). The feedback loop demonstrates the importance
of biospheric processes not only for the carbon and aerosol budgets, but also for the whole climate
system (Shrivastava et al. 2017). The COBACC feedback suppresses global warming, proving a
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window of opportunity to reduce global carbon emissions. This needs to be quantified in a Northern
Eurasian and in a global perspective. The strength of the COBACC feedback is tightly connected with
biospheric functions, including the observed, yet poorly-understood Arctic greening, and other veg-
etation changes currently taking place in boreal and Arctic environments. More observations and
knowledge are needed to understand how the COBACC feedback loop will develop in future. The
key observations needed to quantify the link are fluxes of CO2, H2O, CH4, concentration of
VOCs, and aerosol number size distribution together with meteorological observations and
diffuse radiation.

The use of existing station infrastructure and upgrading the stations in a coordinated manner
with new instrumentation techniques and data system would be the first step toward new environ-
mental monitoring in the Russian Far East. The Primorskaya, Kamchatka, and Yakutsk/Yakutia
North stations could be piloting this activity and build toward a baseline for the future in-situ station
network and monitoring concept of the region (Figure 7). These stations would form a well-located
network covering the regional characteristics. The Primorskaya station location is optimal for moni-
toring the local and long-range anthropogenic emissions, emissions of the forest fires and coal depos-
its. The station is also located near to gas emission zones in the Sea of Japan. The Kamchatka site
location would enable observations on greenhouse gas emissions from rift zones, volcanic activity,
gas emission from the Sea of Okhotsk, and from the Bering Sea. The location of the Yakutsk/Yakutia
North station(s) is ideal for estimating the greenhouse gases from the Arctic Ocean and the perma-
frost region.

Analysis of two years (2014–2015) of HYSPLIT backward trajectories (Stein et al. 2015), arriving
hourly at 100 m above ground level to each of the proposed four stations, demonstrates the meteor-
ological representativeness of the stations. Here the Far East region was divided into 1 × 1 degree grid
cells, and the percent of trajectories passing through each of the cells was calculated. The grid cells
were color-coded based on this frequency of the passing air mass and plotted on the map (Figure 7).
The Yakutia North is affected by the proximity of the Arctic Sea. The site in Kamchatka is affected by
western and eastern air masses with a rather equal weight.

Figure 7. Meteorological representativeness of four potential observation sites in the Russian Far East.
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6.2. Ground-based remote sensing

The specific aspects of the Russian Far East environment (volcanic activity, fluxes from the terrestrial
and ocean areas, forest fires) strongly emphasize the role of ground-based remote sensing. Ground-
based remote sensing (RS) provides information on vertical profiles and column-integrated values of
concentrations of aerosols, greenhouse, and trace gases, as well as thermodynamic state of the atmos-
phere, cloud systems, and precipitation. The ground-based RS compliments surface in-situmeasure-
ments and expands the domain of measurements to the lower atmosphere.

Various techniques, such as lidars, radars, and radiometers are utilized in ground-based RS (e.g.
Hirsikko et al. 2014; Petäjä et al. 2016). Lidar (LIght Detection And Ranging) instruments are com-
monly used in aerosol studies. They transmit light pulse and measure radiation backscattered or
Raman scattered by atmospheric constituents (aerosols, gases, and cloud particles) enabling moni-
toring of vertical distribution of aerosols. Doppler lidars can additionally detect air velocity, facilitat-
ing 3D mapping of turbulence in the atmospheric boundary layer. Differential absorption lidar
(DIAL) has two laser sources and transmits light pulses at two very close wavelengths – in the
absorption peak of a target gas and near it with weak absorption. The DIAL lidars are used for tropo-
spheric O3, CH4, NOx, and CO2 profiling. Differential optical absorption spectroscopy (DOAS) tech-
nique measures scattered sunlight spectrum in several viewing directions. The DOAS measurements
are very sensitive to aerosols and trace gases in the lower troposphere and, therefore, provide highly
valuable information on their vertical distribution. Sunphotometers are multichannel sun-and-sky
scanning radiometers that measure the direct solar irradiance and sky radiance at the surface.
Measurements are used to retrieve full transmission spectrum of the atmosphere and aerosol
input to it by determining aerosol optical depth (AOD) – total extinction of light by aerosols in
atmospheric column. Due to the wavelength dependency of AOD, Angstrom Exponent (AE) can
be calculated to provide information on aerosol type. Cloud radars operate in millimeter-wavelength
(typically 3 and 8 mm) and provide information on micro- and macrophysical properties of clouds.
Ground-based RS and in-situ observations combined provide comprehensive insight into the atmos-
pheric processes.

6.3. Satellite remote sensing

Satellite remote sensing (SRS) is used to monitor state and changes in Earth system components and
provides information on the properties of the atmosphere, land surface, vegetation, oceans and water
bodies, snow and ice at a variety of temporal and spatial scales (e.g. Petäjä et al. 2014; Abad et al.
2019). Passive and active remote sensing instruments installed on-board satellite platforms measure
reflected and emitted radiation from the atmosphere and surface in different parts of the electromag-
netic spectrum. Type of information that can be obtained from these measurements depends on the
design of the instruments (spectral channels and resolution, viewing angles, polarization), and retrie-
val algorithms. Most of the Earth observation (EO) satellites follow polar sun-synchronous orbit, i.e.
satellite overpasses the same geographic location at the same local solartime, and global coverage is
most often achieved within 1–3 days. Satellite remote sensing has proved to be crucial for many cli-
mate studies in general and particularly due to its ability to collect information on a multitude of
environmental parameters even at the most remote locations where no other scientific infrastructure
exists (Yang et al. 2013). The SRS needs to be verified against ground-based observations to ensure
data quality (e.g. Sporre et al. 2016). Russian Far East is an example of a domain that benefits from
such EO satellites’ capabilities.

6.3.1. Aerosol particles
SRS has provided data on aerosol properties for decades already (e.g. Sogacheva et al. 2018). One of
the most commonly retrieved parameters is AOD. AOD data usually serve as proxy to aerosol con-
centration and have been widely used in studies on air pollution, aerosol-cloud interaction, radiative
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forcing, and climate change. Several satellite platforms are routinely providing data on AOD. The
Moderate Resolution Imaging Spectroradiometer (MODIS) instruments have been operational
since year 2000 (Levy et al. 2013). Other notable long-time AOD timeseries are provided by
Along-Track Scanning Radiometers (ATSR 1995–2012, e.g. de Leeuw et al. 2018) and Multi-angle
Imaging SpectroRadiometer (MISR, 2000-present, Martonchik et al. 1998; Martonchik, Kahn, and
Diner 2009). The longest time series on AOD retrieved from a family of AVHRR instruments
will be available in near future and will cover almost 40 years (Hsu et al. 2017).

The Aerosol Index (AI) provides information on the presence of UV-absorbing aerosols, such as
volcanic ash, dust, and smoke. Because AI is retrieved using UV-measurements, it can be obtained in
partially cloudy conditions (unlike AOD that demands extensive cloud screening), and, therefore, is
ideal for monitoring of aerosol plumes originating from volcanic eruptions, dust outbreaks, and bio-
mass burning episodes such as forest fires or generally aerosol effects on clouds (e.g. Liu et al. 2017).
Several satellite missions provide AI data, including the Global Ozone Monitoring Experiments
(GOME and GOME-2, 1995-present, de Graaf and Stammes 2005), the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Chartography (SCIAMACHY 2002–2012, e.g. de Graaf et al.
2005), and the Ozone Monitoring Instrument (OMI, 2004-present, Torres et al. 2007). The recently
launched TROPOspheric Monitoring Instrument (TROPOMI) gives high-quality fine resolution AI
data in August 2018 (Stein Zweers 2016). As a summary, the satellite remote sensing of aerosol con-
centrations will provide information on the spatial distribution in the Far East region.

6.3.2. Methane and other trace gases
Satellite missions enable estimation of methane emissions on regional and global scales due to the
high quality of data (Jacob et al. 2016). Atmospheric methane is detectable from space due to its
absorption bands in near-infrared (NIR) and thermal infrared (TIR) regions of the spectrum. NIR
instruments include SCIAMACHY (Bovensmann et al. 1999; Frankenberg et al. 2006), the Thermal
And Near infrared Sensor for carbon Observation (TANSO-FTS) onboard the Greenhouse gases
Observation SATellite (GOSAT and GOSAT-2, 2009–present, Parker et al. 2011), and TROPOMI
(2018–present, Butz et al. 2012). TIR employing instruments include Atmospheric InfraRed Sounder
(AIRS, 2002–present, Xiong et al. 2008) and Infrared Atmospheric Sounding Interferometer (IASI
2006–present, Xiong et al. 2013). The recently launched TROPOMI has already demonstrated to
be suitable for characterization of the point sources, such as wetlands, coal mines, landfills, and
other localized sources of methane (Hu et al. 2018). Several new generation sensors capable of
methane detection are planned to be launched in near future by European space agencies. Methane
Remote Lidar Mission (MERLIN, Kiemle et al. 2011) is an active remote sensing instrument that will
operate at 1.65 μm wavelength and observe total column methane concentration even in difficult
conditions of night, partial cloud cover, and high latitudes. Carbon Monitoring Satellite (CarbonSat)
will have unique capabilities of high spatial resolution (2 × 2 km) as well as good global coverage,
providing data on localized strong emissions from both natural and anthropogenic sources (Buch-
witz et al. 2013).

Spatio-temporal variation of trace gases can be measured from space, allowing for monitoring of
emissions from anthropogenic and natural sources, including industrial activity, traffic, volcanic
eruptions, and biomass burning (Abad et al. 2019). Satellite sensors designed for trace gases measure-
ments detect backscattered solar radiation in UV, visible, NIR, or TIR spectral bands. Exact design
and characteristics of retrieved data are defined by scientific mission. Routinely measured trace gases
include O3, NO2, OClO, HCHO, SO2, BrO, IO, H2O, CO. SCIAMACHY, GOME and GOME-2
(Munro et al. 2006), OMI (Levelt et al. 2006), and TROPOMI (Veefkind et al. 2012) provide exten-
sively validated datasets on multiple trace gases species.

6.3.3. Forest fires
SRS is an effective tool for monitoring of biomass burning on a global scale on a daily basis as well as
for facilitating fires forecasting and burned area estimates. Active forest fires can be detected from
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space due to the large amount of energy they emit in thermal spectrum. NASA’s MODIS and Visible
Infrared Imaging Radiometer Suite (VIIRS) onboard polar orbiters provide data on fires daily.
MODIS thermal wavebands are used to detect actively burning areas by comparing measured temp-
eratures with the background values (Giglio, Schroeder, and Justice 2016). MODIS routinely detects
flaming and smoldering fires of 1000 m2 in size and smaller fires in flaming conditions (e.g. Hally
et al. 2019). MODIS AOD data and RGB images provide information on smoke plume presence
and aerosols transport. VIIRS compliments MODIS active fire data product and enables detection
of sub-pixel fires at fine spatial resolution of 375 m (Schroeder et al. 2014). Together MODIS and
VIIRS feed data to the Fire Information for Resource Management System (FIRMS) that dissemi-
nates near real-time information on fire locations (https://earthdata.nasa.gov/earth-observation-
data/near-real-time/firms/about-firms).

MODIS Burned Area product (Giglio et al. 2018) is a global monthly gridded dataset with 500 m
spatial resolution that contains per-pixel burned-area and date of burn information. These obser-
vations are available also in the Far East region.

7. Conclusions

The Russian Far East environment is under pressure. The increasing economic activities in Asia, the
Road and Belt Initiative, together with the climate change set the requirement and urgency of the
comprehensive environmental monitoring. Air quality is highly relevant for the wellbeing of the
local societies, for the natural environments and agriculture lands. In a global scale the Russian
Far region plays a role in greenhouse and aerosol emissions. Over 10% of all active volcanoes in
the World are located in the Far Eastern Russia of which the most active volcanoes are located in
Kamchatka. Also, the climate change-driven methane emissions from the thawing permafrost
play a significant role in the global climate (de Leeuw et al. 2018; Koven et al. 2011). The compre-
hensive in-situ station network and continuous monitoring are needed for the policy making, to
make mitigation and adaptation plans and follow up the regional policy actions now. The compre-
hensive observations based on Stations Measuring Earth surface and Atmospheric Relations
(SMEAR) -concept are capable of improving the knowledge on concentrations, fluxes, feedbacks,
and interactions between the earth surface and the atmosphere.

The SMEAR concept provides an instrument to set up a suite of state-of-the-art in-situ stations
and to carry out comprehensive, continuous, and coordinated measurements to resolve the current
status of the environment. Furthermore, the SMEAR concept connects the stations to the global
SMEAR network, linked to other international networks like Global Earth Observation System of
Systems (GEOSS), Digital Belt and Road Earth (DBAR) Program, and to standardized measurement
protocols of greenhouse gases (Integrated Carbon Observation System, ICOS standards, www.icos-
ri.eu/), aerosols (European Research Infrastructure for the observation of Aerosol, Clouds and Trace
Gases, ACTRIS), (www.actris.eu/) and ecosystem measurements (Long-Term Ecosystem Research,
LTER), (www.lter-europe.net/). The advanced stations together with the existing SMEAR station
network would enable the analysis of the land- atmosphere feedbacks and interaction over the
Northern Eurasian continent. Locating new advanced stations in Russian Far East would fill an
observation gap in the Eastern part of the Russia.

A fundamental part of the station infrastructure is education and training of the research and
technical staff to make the data analysis and maintenance of the instruments and to connect the
analysis to wider context and society impact. The Pan-Eurasian Experiment (PEEX) program
provides a network for expertise, research and education for all stations built on the SMEAR
concept and a dialog forum interested in the society impact regionally and globally (Kulmala
et al. 2015; Lappalainen et al. 2016). Participation in these activities would be beneficial for
the wellbeing of the population in the Russian Far East and for the economic growth of the
region.
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