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N G ok W N e

Abstract: The Arctic zone of the Russian Federation is one of the most intensively developing regions
of the country. Amongst the major domains of economic and industrial growth and improvement is
transport infrastructure and particularly the railway network. This area is being exposed to negative
factors of rapid climate change that can significantly affect and compromise this activity. Thus, it is
vital to take them into account during design, construction, and operation of the railway infrastructure
facilities. This work details the production of a digital atlas comprising the 1950-2021 dynamics of
the main hydrometeorological parameters: air and soil temperature, precipitation, wind speed, air
and soil humidity, and snow cover thickness. The maps are based on climatic data derived from the
MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, version 2) reanalysis.
In total there are 459, which are arranged into 7 chapters. The atlas geographically covers the western
part of the Russian Arctic encompassing the regions of quite intensive transport development, which
includes the construction of the Northern Latitudinal Railway. Original algorithms of geospatial data
processing and their further representation as well as the maps compiled in GIS environment are
discussed. Comprehensive analysis of climatic changes in the region of the Russian Arctic including
detailed quantitative evaluation over 40 years is given. In the Discussion, we focus on those changes
of the regional climate which, from our point of view, are the most significant for consideration
by railway operators. The obtained results contribute to framing the theoretical basis of design,
development, and sustainable operation of the railway infrastructure in the Arctic and facilitate the
decision-making process. This is the first experience of building a specialized climatic cartographic
product for the needs of the Russian railways, and to our knowledge the first atlas such as that in
the world. In the future, the amassed experience may be transferred to other regions of the Russian
Federation as well as similar regions in Canada, Sweden and Highland China that are also subject to
significant climate change.

Keywords: Russian Arctic; railway network development; Northern Latitudinal Railway; climate
change; MERRA-2 reanalysis; digital atlas; geoinformatics

1. Introduction

The Arctic zone of the Russian Federation (AZRF) is exposed to the factors of cli-
mate change that drastically affect numerous natural (seas, lakes, rivers, forests, tundra,
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landscapes, soils, biodiversity, etc.) and socio-economic (population, demography, hu-
man resources, employment, health of people, industry, oil and gas production, mining
of coal, metal ores, diamonds, fishery, agriculture, forestry, water management, energy
production and transportation, aerial, road, railway and water transport, etc.) systems of
this territory [1]. On 10 October 2022, the Russian Federal Service for Hydrometeorology
and Environmental Monitoring (Roshydromet) issued the “Third Assessment Report on
Climate Change and its Consequences in the Territory of the Russian Federation” [1]. The
major conclusion in this report states that the entire territory of the country is warming at
an average rate of 0.51 °C per decade while the AZRF is warming at an average rate of
0.71 °C per decade. According to current forecasts, the area occupied by near-surface per-
mafrost in the territory of Russia will decrease by the middle of the 21st century according
to the SSP2-4.5 scenario by 22 £ 7% and for the SSP5-8.5 scenario by 28 &+ 10% as compared
to the period 1995-2014. By the end of the 21st century, this reduction is expected to be at
the level of 40 + 15% and 72 =+ 20%, respectively [1,2].

The subarctic zone of Russia hosts vast oil and gas, sea, railway, and pipeline trans-
port infrastructure worth hundreds of billions of dollars. This region being covered with
permafrost is also vulnerable to climate change because the thawing of frozen layers due to
significant ice content may cause an average soil settlement of 10-20 cm per year [2], which
is critical for pile structures and the entire transport infrastructure in general [3,4]. Serykh
et al. [5] showed that in 1999-2020, the Republic of Karelia, Murmansk and Arkhangelsk
Oblasts (Regions) experienced significant climate warming at a rate from +0.9 °C to
+1.5 °C as compared to previous years (1977-1998). A sharp increase in air tempera-
ture at a rate from +0.4 °C to +1.0 °C per decade resulted in the displacement of the +2 °C
isotherm for 550 km northwards up to the White Sea southern part and induced the total
disappearance of average negative temperatures in the Republic of Karelia, Murmansk and
Arkhangelsk Oblasts.

The railway infrastructure in the subarctic territories of Russia is naturally operated
in extremely difficult geological and climatic conditions, being exposed to the continu-
ous negative impact of various external factors, leading to deformation of railway tracks
and damage of artificial structures [1,3]. Thawing of permafrost soils and significant
increase in average temperature cause further changes in the water balance of numer-
ous rivers and lakes in this region. These processes intensify coastal abrasion, erosion,
mudflows, floods, landslides, ground creep, rockfalls, rockslides, karst sinkholes, snow
avalanches, etc. [1,3,5,6].

Isolated permafrost zones may still be found on the Kola Peninsula [7]. Russian
railway facilities in this region are particularly vulnerable to the negative factors of regional
climate change, considering their intense development. It is planned that the Murmansk
section of the Oktyabrskaya Railway will increase transportation from 28 to 44 million tons
per year by 2023, and by 2035 it should grow up to 100 million tons. At the same time,
some railway sections are still single-track, which limits their carrying capacity [8].

Extensive railway infrastructure is located in the Northwestern and Ural Federal
Districts of Russia. The Northwestern Federal District (NFD) covers 9.8% of the country’s
territory; 9.5% of the Russian population lives here [9]. In this district, the railway infras-
tructure runs through the territory of the Republic of Karelia, Murmansk and Arkhangelsk
Oblasts, the Komi Republic, and the Nenets Autonomous Okrug (District).

Let us consider the main aspects of the NFD economic development. The turnover
of organizations of all types of economic activity in the first quarter of 2022 amounted to
175.7 billion dollars, or 176.2% of the level of the first quarter of 2021. Sales per capita were
equal to 1110 dollars (the average parameter in Russia was 1002 dollars). The volume of
investment in fixed capital in the economic and social development of the district in the first
quarter of 2022 amounted to 5.4 billion dollars, or 103.4% of the level of the corresponding
period in 2021. The consolidated budget of the NFD regions had a surplus of 2.3 billion
dollars in the first quarter of 2022. Thus, revenues amounted to 7.5 billion dollars, and
expenditures were 5.3 billion dollars.



Appl. Sci. 2023, 13,5278

3 0f 37

70°

The Ural Federal District (UFD) covers 10.6% of the territory of Russia; 8.4% of the
Russian population lives here [10]. In this district, the railway infrastructure runs through
the territory of Khanty-Mansi and Yamalo-Nenets Autonomous Okrugs. The turnover
of organizations of all types of economic activity in the first quarter of 2022 was 147.3%
compared with the same period in 2021, or 134.3 billion dollars. Sales per capita were equal
to 949 dollars. The volume of investment in fixed assets of the district economy and social
sphere in first quarter of 2022 amounted to 11.1 billion dollars, or 118.7% of the level of
the corresponding period in 2021. The consolidated budget of the UFD regions in the first
quarter of 2022 had a surplus of 1.6 billion dollars. Thus, revenues amounted to 6.6 billion
dollars, and expenditures were 5.0 billion dollars.

The abovementioned economic parameters indicate the accelerated development of
these territories. In this regard, an extensive network of railways and smooth operation of
their infrastructure has become increasingly important. For example, the current North-
ern Latitudinal Railway (NLR) project is critically important for the development of the
Yamalo-Nenets Autonomous Okrug (YaNAQO). NLR is a 686 km long railway that is being
built along the line Obskaya-Salekhard—-Nadym-Novy Urengoy-Korotchaevo in Figure 1.
This projected railway will connect the western and eastern parts of the YaNAO [11]. It will
sustain comprehensive economic growth of the northern territories, provide infrastructure
for the development of gas-condensate and oil fields, and ensure the transportation of
extracted natural resources. The implementation of the NLR project will form the infras-
tructure that will contribute to the expansion of the tanker fleet and efficient development
of the Arctic resources. NLR will facilitate the direct access to the Northern Sea Route
through the port of Sabetta in the Yamal Peninsula. This project will also produce jobs
for the Russian railways and servicing industries [12]. After the project completion, the
estimated traffic volume will be about 24 million tons, primarily as gas condensate and
oil cargo.
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Figure 1. Studied area.
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As the part of the NLR implementation, construction of the Bovanenkovo-Sabetta
railway section or the so-called NLR-2 project is planned. In the future, up to 2030, it is
planned to extend the railway from Korotchaevo eastwards to the Yuzhno-Russkoye oil
and gas field (122 km) and from this point to the port of Igarka via Ermakovo (482 km). As
a farther perspective, there are plans to build the Igarka-Dudinka railway eastwards with a
subsequent connection to the Norilsk railway in Figure 1. This project is called the “eastern
arm” of the NLR.

In this regard, research on climate change in the Republic of Karelia, Murmansk and
Arkhangelsk Oblasts, Komi Republic, Yamalo-Nenets and Khanty-Mansi Autonomous
Okrugs using modern geoinformatic tools is extremely important for the Russian
railways’ operation.

The core goal of the present work is the production of the digital atlas for tracking
climatic variations of basic hydrometeorological parameters in the western part of the
Russian Arctic (60-75° N, 30-85° E) over 1950-2021 based on the MERRA-2 atmospheric
reanalysis dataset. The article describes the main hydrometeorological parameters forming
the atlas: surface air temperature, total precipitation, wind speed at the Earth’s surface,
soil temperature, soil moisture content, air humidity, and snow cover thickness. The
methodology of the map compilations is described in detail. For each of the parameters,
we present its brief characteristics, methods of measurement, and provide examples of the
different map types. Comprehensive assessment of regional changes in climatic parameters
was previously performed for the Russian Arctic, e.g., for the Barents Sea [13]. The most
significant results of studying the inter-annual variability of certain climatic parameters
directly affecting the smooth railway operation are thoroughly discussed. In conclusion,
we agree in favor of atlas expansion that will ensure the theoretical basis for sustainable
development and operation of the Russian railways in the Arctic zone.

Thus, the novelty of the research is in building of a specialized digital climate atlas
for the needs of the Russian Railways in the western part of the Russian Arctic and in
the subsequent analysis of change of basic meteorological parameters which may impact
operability of the existing railway network and its development in future. Building of the
atlas required development of original algorithms of geospatial data processing and their
further representation, as well as the maps compiled in a GIS environment based on the
MERRA-2 atmospheric reanalysis for the past 40 years. Comprehensive analysis of climatic
changes included 7 hydrometeorological parameters presented in different characteristics
in 459 maps.

2. Data and Methods
2.1. Studied Area

The studied area includes the western part of the Russian Arctic within the geographi-
cal boundaries 60-75° N, 30-85° E in Figure 1. It includes the Republic of Karelia, Murmansk
and Arkhangelsk Oblasts (Regions), Komi Republic, Yamalo-Nenets and Khanty-Mansi
Autonomous Okrugs (Districts). Within this area there are railway sections between
St. Petersburg and Murmansk and Arkhangelsk, railways to Salekhard and Yamburg,
the 700km section of the constructed NLR from the Obskaya station (Labytnangi) to
Korotchaevo (Novy Urengoy), and the next section to Igarka and further to Dudinka
in Figure 1.

2.2. Initial Data for Climatic Atlas Maps

For a production of maps of hydrometeorological parameters (surface air temperature,
total precipitation, wind speed at the Earth’s surface, soil temperature, soil moisture
content, air humidity, and snow cover thickness) presented in the atlas, the authors used
the MERRA-2 reanalysis data for the period 1980-2021.

MERRA-2 dataset (Modern-Era Retrospective Analysis for Research and Applications,
version 2) [14] represents the results of reprocessing of a massive catalog of information on
climatic parameters, such as air temperature and humidity, atmospheric pressure, wind
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speed, precipitation, etc. Generally, the database is a set of global daily data on the state of
the atmosphere and the Earth’s surface, collected over several decades. This mission was
implemented at the Global Modeling and Assimilation Office (GMAO) under the direction
of the U.S. National Aeronautics and Space Administration (NASA).

MERRA was originally created for integration of satellite measurements into a unified
climate catalog to facilitate the description of the global hydrological cycle from the Earth’s
atmosphere to the surface of the planet. This mission was launched in 1979, but by 2016 it
was closed due to certain disadvantages: measurement system errors (e.g., non-physical
measurement jumps when the observing system changes), imbalances in some atmospheric
and terrestrial hydrological parameters, degraded representation of the upper stratosphere,
and system limitations that prevented inclusion of new satellite data sources [14].

The main goal of reprocessing and refining the MERRA mission was to provide contin-
uous near-real-time climate analysis (data are published with delays of a couple of weeks).
Accordingly, MERRA-2 was designed as a reanalysis that uses the latest developments in
data measurement and processing to address the known limitations and disadvantages
of MERRA. The reanalysis provides long-term monitoring and comprehensive analysis of
Earth conditions by means of system integration of atmospheric, ocean, land, and physical
and chemical information. Other updates include information on ozone monitoring and
the use of precipitation observations. On the technical side, the MERRA-2 observing system
has been equipped with additional instruments that register the following parameters [15]:

Atmospheric motion vectors from AVHRR (Advanced Very High Resolution Radiometer);
Surface wind speed from SSMIS (Special Sensor Microwave Imager/Sounder);
Temperature profiles and ozone characteristics from EOS (Earth Observing System)
Aura MLS (Microwave Limb Sounder);

e  Total amount of ozone in the column from EOS (Earth Observing System) Aura OMI
(Ozone Monitoring Instrument);
Deviation angle from GPSRO (Global Positioning System Radio Occultation);
Microwave sounding from ATMS (Advanced Technology Microwave Sounder);
Hyper spectral infrared radiation from IASI (Infrared Atmospheric Sounding Interferom-
eter) on MetOp-A and MetOp-B (Meteorological Operational Satellites) and from CrIS
(Cross-Track Infrared Sounder) on SNPP (Suomi National Polar-Orbiting Partnership);

e  Geostationary radiation from MSG (Meteosat Second Generation) SEVIRI (Spinning
Enhanced Visible Infrared Imager).

The rest of the observation system remained unchanged as in the original MERRA mis-
sion except for improvements of the sensors for measuring surface wind speed and ozone
content.  These sensors were changed to more advanced models during the
mission development.

Today, MERRA-2 is known as one of the most accurate global representations of
climatic data for land and ocean [14]. This results from the extensive volume of out-
put data available for processing along with high spatial resolution, which is important
for the subsequent modeling of regional weather and climate conditions. For example,
Bosilovich [16] demonstrated the high-quality representation of precipitation and tem-
peratures over the American continent derived from MERRA data. Tilinina et al. [17]
demonstrated that MERRA in the best way reflects the activity of atmospheric cyclones in
the Atlantic-Eurasian sector of the Northern Hemisphere. Bentamy et al. [18] have shown
that MERRA is a good representation of the statistical characteristics of turbulent flows
between air and sea over the ocean. Luo et al. [19] demonstrated that MERRA-2 displays
well the values of sea surface temperature, atmospheric temperature, and humidity over
the Atlantic Ocean. Sharmar et al. [20] showed that MERRA-2 uses an advanced scheme
for winds interpolation which is important for the ocean surface wave climate. Schubert
et al. [21] showed that MERRA-2 reflects extreme temperature events in the Northern
Hemisphere very well.

The MERRA-2 output data are presented in the atlas on a regular grid of
0.5° N x 0.625° E in Figure 2. It is worth to mention that the reanalysis includes data from
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the updated version of the Goddard Earth Observing System Model Version 5 (GEOS-5),
which has an approximate resolution of 50 x 50 km, so the final datasets were spatially
interpolated onto the final grid without loss of accuracy.
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Figure 2. MERRA-2 observation points laid over the studied area.

2.3. Additional Data

This paper also presents data from the NCEP/NCAR Reanalysis 1 Project (National
Centers for Environmental Prediction/National Center for Atmospheric Research Reanaly-
sis 1 Project) [22], which is the system of analysis and prediction for air temperature and
wind speed from 1948 to the present. On average, data are presented at a frequency of 4
or 8 times per day, but older data were extrapolated depending on existing databases for
the selected period. Precipitation estimates were also compared to NOAA’s PRECipitation
REConstruction over Land (PREC/L) model, which presents data only over land on the
1° x 1° grid. The precipitation parameter is available at 3 different spatial resolutions, and
the analysis is determined by interpolating sensor data over the land and reconstructing
historical observations over the ocean.

The resulting atlas maps also show the modern railway network of the studied area
for the regional climate change assessment along the major railway sections and for the
future transportation development planning. The layer is based on the map of the railway
network of Russia. This layer was compiled using the Digital Chart of the World datasets
(1993 version with 2002 updates) at a scale of 1:1,000,000. The authors of the dataset are
the Russian Academy of Sciences (RAS) and International Institute for Applied Systems
Analysis (IIASA), Austria [23]. For the final maps, the initial data set was clipped according
to the boundaries of the studied area.

2.4. Application of GIS Technologies for Climatic Atlas Compilation
2.4.1. Main Data-Layers

The Golden Software Surfer (version 4.3) [24,25] and ESRI ArcGIS (ArcMap),
(version 10.8) [26,27] software packages were chosen as the main tools for the compi-
lation of the atlas maps. The Surfer has a considerably large set of tools for primary data
processing, including a user-friendly interface and extensive interpolation capabilities. In
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turn, the ArcMap software package is designed to solve a wide range of tasks including the
transformation of point data on a regular grid (grid-data model) and irregular grid (Trian-
gular irregular network—TIN data models) [28,29] into raster layers. Subsequently, these
data are prepared for publication as cartographic services using the geoportal approach [30]
or export as formatted map.

In our work, the process of data processing and preparation is shown in Figure 3:

0. i, ( 3.

Data Raster data
preprocession preparation

4.
Setup of Map creation

cartographic
(Python) (Surfer) layers

(Arcmap)

(Arcmap)

Figure 3. The data processing scheme for the atlas map compilation. The employed software is
indicated in brackets.

Further, each block shown in Figure 3 will be discussed.

The preliminary data processing included the so-called “cleaning”, i.e., data outside the
terrestrial boundaries are removed for several categories of data, e.g., for soil temperature or
soil moisture, since the latter can seriously distort the model calculations. For this purpose,
the authors developed a software module in Python 2.7 using Python ArcPy and Python.os
libraries. The main processing tool is the Clip tool built into the ArcGIS toolkit for raster
data processing, which allows for cropping a single raster layer to the specified contour in
Figure 4 [31,32].

Figure 4. The Clip tool operation principle.

The module has a graphical interface and was integrated within the ArcMap package.
The input parameters include selection of the directory of the processed raster data (in .tif
format), specifying the vector file with contour mask in shape-file format (.shp) for cropping
the data, and the directory for saving the results. The software module processes all raster
files one by one in the catalog using the Python.os library. Each layer is cropped by the Clip
tool using the contour mask based on the coastline within the considered territory. The
results are saved to a specified directory. The source code of this tool is available online [33].

To improve the quality of the output data, the initial model data representing a regular
0.5°-grid were interpolated to reach the 0.05° resolution (1101 x 301 pixels) using krig-
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ing. This is a widely used gridding method aimed at producing maps from sparse and
irregular data [34,35]. The options and parameters of the tool were selected as follows.
The procedure type was the standard point kriging with a variogram estimation. The
parameters of standard deviation were calculated automatically without deviation grids
and external drift grids. The search options for data points for interpolating grid nodes
were defined as follows: the number of sectors to search—4, maximum number of data to
use—64 points, minimum number of data to use—8 points; search ellipse radius in data
units—28.5, and angle 0°. The interpolated data were then exported to a raster format (.flt)
for further processing. This procedure was performed using Surfer. This tool is provided
by other software packages, but the choice of the Surfer software was made due to advan-
tages in interpolation procedures operating time and data export without loss of quality.
Thus, the resulting data covers the territory within the geographical boundaries 60-75° N,
30-85° E and is shown in Figure 5.

: /
75" 86” 8§E 95° 1(;0" 11'0”

Figure 5. Geographical location of the studied area. Thickened lines show the border of the AZRF
(northwards from 60°N), as well as the western and eastern borders of the studied area (30-85° E).

The georeferencing of the data in our case was determined by the choice of the map
projection. At this stage, the conical Lambert projection (ESPG: 102027) was considered for
the initial raster data [36,37]. The final maps of the atlas were also made in this projection.

The choice of this map projection was made based on the geographical features of
the studied area, located in high latitudes. Standard map projections, such as Mercator
(ESPG: 4326), distort spatial information in proportion with the increase in latitude. Ac-
cordingly, the conic Lambert projection was chosen to compile the atlas maps.

Configuration of data files included defining the color palette for groups of data, as
well as selecting the color scale for their clear representation. A single scale was selected for
the main data categories (temperature, wind speed, precipitation), as well as for auxiliary
data (soil temperature and moisture content, air humidity, snow cover thickness) with the
values of average changes in the indicators.

Numerical scales were selected for the values of average rates of changes (the first
derivative), preserving a unified color palette for the entire category of data. Isolines with
the same interval for the data group of average values and rates of change were constructed
for the majority of data groups. For the air temperature values, isolines were selected with
a1l °Cinterval. For wind speed it was 2 m/s, and for precipitation data—0.2 inch.

At this stage the prepared raster file along with isolines represent a tool for the
comparative analysis, both within and between the data groups. As a platform for this
analysis, various geoinformation software packages can be used that have the necessary
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functionality (e.g., ArcGIS, QGIS, etc.). In our case, the comparative analysis was carried
out using ESRI ArcGIS (ArcMap) software in Figure 6 [38,39].
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Figure 6. Comparison of spatial data: (a) within data groups (information on the average change
in air temperature between the periods 1980-1999 and 2000-2021, comparison between the months
January and July); (b) between data groups (comparison of average air temperature and precipitation
for the period 1980-2021 for January).

The final preparation of data included their compilation into finished maps and
exporting into the atlas layout. At this step, we added the coordinate grid along with the
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marginal information, including the legend, color scale, numerical and linear scale. For all
groups of data, GIS projects in the MXD (map exchange document) format were created.
Each of them contains all the cartographic materials related to a particular group of data
for quick access and editing in Figure 7. Subsequently, the maps were exported into PDF
for further compilation of the atlas.
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Figure 7. Example of the map design. Average air temperature changes (°C) between the periods
1980-1999 and 2000-2021 for the winter season (December—February).

2.4.2. Climatic Atlas Structure

The final version of the climatic atlas is a set of digital maps of hydrometeorological
parameters, divided into categories. The scheme of the atlas compilation is presented
in Figure 8.
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I —
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b. Data edition ‘

‘ c. Data Analysis Tools ‘
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lllustrative
materials

Map analysis in .
maps in TIFF format 4. Maps in PDF format

| 3. High resolution digital .

Figure 8. Scheme of the climatic atlas compilation.
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For each category of data, source maps were obtained (459 files in total) and subse-
quently processed. At the initial stage of processing, these source cartographic materials
do not represent a valuable cartographic unit. The processing and preparation of maps
of hydrometeorological parameters for the subsequent atlas compilation was mentioned
above.

The raster layers were combined into MXD files consisting of raster layers of basic data
categories (air temperature at ground surface, total precipitation, wind speed at ground
surface), as well as auxiliary data (soil temperature and moisture content, air humidity,
snow cover thickness), divided into groups:

e Average values for the entire period 1950-2021 and separately for the periods
1950-1979, 1980-1999, and 2000-2021.

e  Average changes between the periods 1950-1979 and 1980-1999, 1950-1979 and
2000-2021, 1980-1999 and 2000-2021 (difference in average values between these
periods, with the earlier period always subtracted from the later one).

e  The rate of change of mean monthly anomalies relative to the annual rate for the peri-
ods 1950-2021, 1950-1979, 1980-1999, and 2000-2021, estimated using the
1st derivative.

e  Mean values for the winter (December—February) and summer (June-August) seasons
and for the 12 months of the year for the entire period 1980-2021 and separately for
the periods 1980-1999 and 2000-2021.

e  Average changes for the winter (December—February) and summer (June-August) sea-
sons and for the 12 months of the year between the periods 1980-1999 and
2000-2021 (the difference of average values between these periods, with the earlier
period always subtracted from the later one).

In each data category group, auxiliary data are presented. Thus, each data category
group represents a separate MXD project. The total amount of files of merged raster layer
projects was 52, each available for processing in ESRI ArcGIS (ArcMap).

This approach is flexible, i.e., additional data (at the user’s discretion) can be added to
each of the prepared projects for more detailed data analysis/comparison. In this version
of the climatic atlas, data editing, color palette changes, and data analysis tools are also
available. As the main analysis tool, a raster calculator can be used [40,41]. The principle
of the tool is to perform pixel-by-pixel arithmetic operations with two raster layers. An
example of this tool operation is shown in Figure 9.

Along with this, the data isoline overlay mentioned above can be used as a tool for
spatial data analysis.

The atlas maps were also presented in high resolution TIFF (Tagged Image File Format)
format that can be applied for further analysis in other geographic information software.
Although ArcMap is an optimal software solution with many built-in tools to address a
wide range of tasks, it also has certain disadvantages. The obvious one is the commercial
distribution of this software. The TIFF format is universal, ready for handling in any
GIS software, including the open source one. The TIFF maps were converted into PDF
(Portable Document Format) files. This format is intended for convenient visual assessment
of cartographic information and can serve as illustrative material for a variety of purposes.
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Figure 9. The result of the raster calculator tool application. The data represents the average change
in air temperature (°C) between 1980-1999 and 2000-2021: (a) data for January; (b) data for July;
(c) the resulting amplitude map of the average temperature between the two months, January and July.

3. Results
3.1. Climatic Parameters Selected for Mapping

The created atlas consists of the groups of electronic maps reflecting seven climatic
parameters: air temperature, total precipitation, wind speed (main parameters); soil temper-
ature, soil moisture content, air humidity, and snow cover thickness (auxiliary parameters).
The first three parameters contain the key information necessary for the analysis and pre-
diction of climatic changes in the region in general [42]. The auxiliary parameters facilitate
the assessment of climate change in relation to soil characteristics, snow cover thickness,
and air humidity [43].

Let us describe the main groups of the resulting maps and the ways of processing the
information for their construction. For each of the parameters, the input data are digital
arrays containing the coordinates (with a spatial resolution 0.5° x 0.625°) and parameter
values. These arrays are further structured by time intervals: for main parameters from
1950 to 2021, and for auxiliary parameters from 1980 to 2021.

While calculating various characteristics, the used data had certain time sampling,
which was as follows:

1950-2021—the entire time interval according to NCEP/NCAR Reanalysis 1;
1980-2021—the entire time interval according to MERRA-2 reanalysis data;
1980-1999—period when the observed values were less accurate (according to
MERRA-2 reanalysis data);

e 2000-2021, the period with the best resolution and modern observation system (ac-
cording to MERRA-2 reanalysis data).

By overlaying the information in each file on the grid, the characteristics were calcu-
lated in each node of the grid within the defined period [42]. Each grid node contains data
averaged for its vicinity £1.25°.
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For the main parameters (air temperature, total precipitation, wind speed), the char-
acteristics were calculated starting from 1950, since these parameters were measured in
sufficient detail even before the modern satellite observation network was created. An
example of such an initial digital map is shown in Figure 10.
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Figure 10. Map of average air temperature (°C) at 42.2 m altitude for the period 1950-2021 according
to MERRA-2 data.

For each combination of climatic parameters, the following groups of characteristics
were calculated when creating the initial digital map:
Arithmetic means for individual time periods;
Average parameter changes between the periods 1980-1999 and 2000-2021;
Average values for each month separately (12 maps);
Average values by season: summer (June-August), and winter (December—February);
Average values between the periods 1980-1999 and 2000-2021 for each month;
Average values between periods 1980-1999 and 2000-2021 by season—summer (June-
August), and winter (December-February);
e  Average rate of change of mean monthly characteristics.

The anomalies shown on the maps for different months allow us to distinguish local
changes, as well as to correlate different parameters in time. In this group, the average
values are taken as a sample for each day of a certain month for each year of the selected
time interval.

Since the studied area is the northwestern part of Russia, this zone is characterized
by strong temperature fluctuations and, consequently, by strong changes in other param-
eters. The seasonal analysis makes it possible to trace the intra-annual variability of the
parameters.

Moreover, there are the maps of differences in values of individual parameters between
the periods 1980-1999 and 2000-2021. As this group initially carries information about
anomalies for the two certain periods and compares them, it allows for not only tracing
regional changes of climatic parameters, but also giving a quantitative assessment of climate
change on scale of almost half a century.
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The rate of change of the specified parameters is calculated as the first derivative over
time (X) for the data set in Figure 11 [5]. The rate of change (a) of any parameter (Y) was
calculated using the linear regression equation:

Y(X)=a- X +b.
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Figure 11. Average rate of change in mean monthly anomalies of the soil upper layer moisture
content (% per 10 years) for the period 1980-2021.

This characteristic of temporal variability allows for defining how fast the studied
parameters change.

In total, 459 maps with different characteristics of the specified climatic parameters
within the selected time intervals were compiled.

3.2. Air Temperature

Air temperature is the parameter that reflects the degree to which air is heated. His-
torically, air temperature was one of the first climatic parameters that scientists began to
measure. When satellite missions were launched, they began to measure atmospheric
temperature at various altitudes, e.g., sea surface or land surface. The most common
method for satellite measurements is obtaining data using radiometric sounding. For
this purpose, instruments that measure radiation in different wavelength ranges, most
commonly infrared radiation allowing for calculating the temperature at specified heights,
have been developed. The MERRA-2 reanalysis used upgraded instruments to measure
vertical profiles of parameters such as air temperature and humidity—the CrIS Cross-Track
Infrared Sounder (CrIS) and the Advanced Technology Microwave Sounder (ATMS) [19].

The CrIS Cross-Track Infrared Sounder is one of the most advanced hyper spectral
instruments in the National Oceanic and Atmospheric Administration (NOAA) Joint
Satellite System. CrlS is a high-resolution infrared spectrometer of which the operating
principle is based on the separation of infrared energy emitted by the atmosphere, resulting
in high vertical resolution. The instrument provides atmospheric sounding within 2,211
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spectral channels in three wavelength bands: long-wave LWIR (9.14-15.38 um), medium-
wave MWIR (5.71-8.26 um), and short-wave SWIR (3.92—4.64 um) [44].

The Advanced Technology Microwave Sounder (ATMS) is a 22-channel scanning
microwave radiometer for atmospheric and Earth surface observations, which makes
observations in the microwave part of the electromagnetic spectrum. ATMS and CrIS
provide data on the water cycle, namely, water vapor, clouds, and precipitation. Since
clouds are non-transparent in the infrared part of the spectrum (as measured by the CrIS
instrument), the two instruments work in combination to cover a broader range of weather
conditions. ATMS provides a view inside and under clouds and can be used to study
storms and hurricanes from the inside [45].

The MERRA-2 catalog presents temperature values for various altitudes: 2, 10, 42,
72 m, and at “surfaces” where atmospheric pressure is 250, 500, and 850 hPa. The atlas
used air temperature values at 42.2 m above the ground surface. This makes it possible
to analyze the data without taking into account the influence of wind, snow, and other
surface factors.

If we use the compiled maps for the purpose of climate forecasting, the general
tendency of average air temperature increase since 1980 is clearly observed in Figure 12.
This map shows the rate of change of the average annual air temperature. All values
are positive, which means that for the specified time period, the temperature values are
exclusively increasing. Additionally, we can distinguish the general trend—the more
northward, the stronger the temperature changes are. In the area of the Novaya Zemlya
Archipelago, the values of average annual temperature increase by 1 °C per 10 years.
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Figure 12. Average rate of change in mean monthly anomalies (relative to the annual rate) of
air temperature at 42.2 m (°C per 10 years) according to NCEP/NCAR Reanalysis for the period
1980-2021.

Since the studied area is located in the north, we can note extreme temperature values
in winter periods, as well as characteristic areas where the cooling is not in contrast.
Figure 13 shows a map of air temperature values for the whole period for January. The
data indicate that the general trend of decreasing temperatures is directed from west to
east—from near-zero temperatures north of the Kola Peninsula, to —26 °C in Taimyr and
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from —20 °C to —24 °C in Siberia. Zero temperatures, however, are present only in the
oceanic part of the territory, which is explained by the influence of warm ocean currents.
On land, this influence disappears, and temperatures range from —8 °C to —10 °C.
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Figure 13. Mean values of air temperature (°C) at 2 m for January according to MERRA-2 data for
the period 1980-2021.

3.3. Total Precipitation

Precipitation is a value that describes the height, in millimeters, of a water layer that
would form on the surface of the Earth without external influence. The first measurements
of this parameter were made for the purpose of storm analysis, rain distribution, and
rainfall forecasting. The first satellite measurements of precipitation were made using
radar to produce three-dimensional maps of storm structure and to calculate the altitudes
where the phase transition from snow to rain occurs. Since one of the most important
climatic processes is the water cycle on Earth and in the atmosphere, such data allowed
qualitatively to complement and improve models of global atmospheric circulation. The
most common methods of precipitation measuring nowadays are either microwave sensors
or ground-based observatories. Microwave sensors measure the energy emitted by the
atmosphere or the ground, and extract quantitative characteristics of water vapor, water
in clouds, and the intensity of precipitation in the atmosphere from the signal. There are
sensors that additionally allow estimating both the rate of precipitation and the geometric
characteristics of water particles.

The MERRA-2 reanalysis mainly contains data from ground stations, collected in the
Global Historical Climatological Network (GHCN) database, and in the Climate Anomaly
Monitoring System (CAMS) database. In these catalogs, there is a basic division of informa-
tion by ground and ocean stations, which is compared in parallel with similar published
data sets from satellite missions.

In the reanalysis, there is a separate processing block to account for inter-annual
variability in ocean evaporation [46,47].

It is also worth noting that MERRA-2 initially uses precipitation data based on ground-
based observations, which are further archived as an output variable and input paramet-
rically to values obtained from satellite data. A description of the satellite instruments



Appl. Sci. 2023,13, 5278

18 of 37

obtaining atmospheric precipitation values is given above in Section 2.2. In addition,

some observation areas use CMAP satellite sensor results due to limitations in available

observations [48].

Consequently, the results are provided in the following variations: maximum and
minimum precipitation rates for the period, total precipitation, convective precipitation,
large-scale precipitation, snow, total precipitation from the atmospheric model, evaporation
totals, and corrected large-scale and total precipitation. The adjusted total precipitation data

were used in Figure 14. This map clearly identifies the zone with the maximum amount of
precipitation, belonging to the zone of the Ural Mountains, and the minimum values are

confined to the water area of the Kara Sea.
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Figure 14. Average values of total precipitation per day (in) according to MERRA-2 for the period
1980-2021.

3.4. Wind Speed

Note that in satellite measurements of wind speed, this value is decomposed into
orthogonal components—east and north. Using them, the total vector of wind speed is
determined. The measurement methods are often similar to scattermeter devices, the
principle of which is based on the reception of signals reflected from the sea surface, and
further analysis of the intensity of the reflected wave [14].

Since the wind speed value is not only a climatic parameter, but also a parameter for
introducing corrections to other parameters, the MERRA-2 reanalysis uses sensors from
both ground-based observatories (UCAR and NCEP) and data from a large number of
satellite systems [49]:

e AVHRR atmospheric motion vector, 1 October 1982—present, CIMSS;
SSM/1 surface wind speed, 9 July 1987—4 November 2009, RSS;
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ERS-1 surface wind vector, 5 August 1991-21 May 1996, ESA;

ERS-2 surface wind vector, 19 March 1996-29 March 2011, ESA;

QuikSCAT surface wind vector, 19 July 1999-22 November 2009, JPL;
MODIS atmospheric motion vector, 2 July 2002-present, CIMSS and NCEP;
SSMIS surface wind speed, 23 October 2003-29 October 2013, RSS;
WindSat surface wind vector, 13 August 2007-4 August 2012, NCEP;
ASCAT surface wind vector, 15 September 2008—present, NCEP.

The MERRA-2 catalogs have wind velocity values available for two vectors (meridional
and zonal wind) at 2, 10, 50, and 72 m altitudes, at the daytime surface, and at “surfaces”
where pressure is 250, 500, and 850 hPa [48]. There is also information on trends in inter-
annual zonal and meridional wind variability. The atlas presents various wind speed
characteristics at 50 m altitude. One of the maps is shown in Figure 15, and displays the
average wind speed for the entire time interval (1980-2021).
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Figure 15. Average wind speed (m/s) at 50 m for the period 1980-2021.

Analysis of average wind speed by months showed a strong seasonal dependence—
the highest speeds up to 5 m/s in winter (extremes in December) in Figure 16a and the
lowest speeds in summer—values up to 0.4 m/s and less in the regions of the White Sea
and Arkhangelsk in Figure 16b.

3.5. Soil Temperature

Soil temperature is a characteristic of the soil upper layer (up to the first meters),
reflecting the temperature in a layer of selected thickness. There are special thermometers
and remote sensing methods for measuring soil temperature. Physically, the devices emit
a signal, which is subsequently recorded by sensors after scattering or reflection from
the surface.

Soil temperature in MERRA-2 is measured remotely once per hour, which provides
observation of short-scale changes in the parameter [50]. The reanalysis presents soil
temperature for different layers: 0-0.1, 0-0.2, 0-0.4, 0-0.75, 0-1.5, 0-10.0 m [48]. The atlas
presents soil temperature maps of the Arctic zone of the northwestern Russia, where
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permafrost zoning is quite apparent in Figure 17. The thickness of the measured layer was
chosen as a maximum depth of 10 m, because these areas are characterized by short-term
temperature changes, affecting the assessment of global trends in the parameter.

(a)
m/s
a0
P
‘urm S|
o6y
1ea ':< o)
48
NN SR
® Cities 40° 80
i Northern Latitudinal Railway (project) 200100 0 200 400 600
—mcmcn Railways — | km
Lambert Conformal Conic

704

60°

(/i“_?
N\ :’)/A\ \11

\\;ljaryan\-Ma‘

A )
2 ) _Arkhangelsk

® Cities

1 Northern Latitudinal Railway (project)

—=mcx Railways

200100 0 200 400 600

™, ! km

Lambert Conformal Conic

Figure 16. Average values of wind speed (m/s) at 50 m for the period 2000-2021: (a) for winter
season (December—February); (b) for summer season (June-August).
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Figure 17. Mean values of temperature (°C) of the upper 10 m of soil for the period 2000-2021.

3.6. Soil Moisture Content

Soil moisture content is the percentage of water in the soil compared to dry soil.

For satellite observations, radar and a radiometer are required to obtain an ade-
quate solution. For the MERRA-2 system, soil moisture data were provided using the
Soil Moisture Active Passive Observatory (SMAP) system, which is a radiometric and
radar instrument.

The approach to soil moisture measurement uses a combination of the radar spatial res-
olution and the radiometer accuracy with simultaneous measurements of surface radiation
and backscattering. Instruments measure parameters in the upper layers of soil to provide
a global assessment of the soil moisture. Since some parts of the land are heavily covered
with vegetation, the calculations include an automatic algorithm for extrapolation between
the values obtained at different times of the day at different positions of the satellite relative
to the Earth’s surface.

The final reanalysis data provide soil moisture values in different units [51]. The first
is in dimensionless units of relative saturation for different layer depths. The second is
soil moisture content in volumetric units of m®/m?3, considered as the volume of water in
the soil volume (including all solid material, water, and air). In both cases, soil moisture
variables are provided for the top 0-100 cm layer. Summary data are also presented for
different soil layers, 0-5, 10-100, and 134-853 cm [48]. An example of the soil moisture
values is shown in Figure 18. The atlas includes 63 different soil moisture characteristics
based on the analysis of data for the period 1980-2021.
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Figure 18. Average values of the soil upper layer moisture content (%) for the period 1980-2021.

3.7. Air Humidity

Air humidity characterizes the water vapor content in the atmosphere. The MERRA
reanalysis used pseudo-relative humidity [52], which was determined through the ratio of
water vapor mixing to saturation value.

However, MERRA-2 uses a new approach—the normalized pseudo-relative humid-
ity [53], which is determined by normalizing the pseudo-relative humidity to the standard
deviation of the background error, which has a near-Gaussian distribution. Physically,
MERRA-2 produces consistent time series of the total amount of water in the atmospheric
column and the transport of water from the ocean to the land.

It is possible to obtain types of air humidity as output parameters in the atlas, such as
effective specific humidity at the surface, specific humidity using mixed estimation, relative
humidity, estimates of the general trend of humidity, and humidity at different heights:
2,10, 42, 72 m, and at “surfaces”, where the pressure is 250, 500, and 850 hPa [48]. An
example of the air humidity distribution is shown in Figure 19. The atlas presents an array
of maps for specific air humidity at 2 m.

3.8. Snowcover Thickness

The thickness of the snow cover is commonly referred to the thickness of the layer of
snow covering the surface of the ground. When measuring the snow cover thickness, there
is a need for additional adjustments, which must take into account the characteristics of the
snow. It is necessary to measure the thickness of the already compacted layer, and not at the
moment of fall, when the melting process in the outer medium is possible. A solution to this
problem is presented in [54], where a comprehensive dataset for the northern hemisphere
on permafrost with a resolution of 81 km is evaluated. The snow cover thickness available
in MERRA-2 is recorded only within the territory covered with snow [55]. The reanalysis
presents characteristics such as the snow cover adjusted with displacement, total snow
mass, snow mass above the ice surface, and snow thickness [48]. The atlas presents various
characteristics of snow thickness in meters, e.g., the average values of snow cover thickness
in Figure 20.
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Figure 19. Average values of specific humidity (g/kg) of air for the period 1980-2021.
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Figure 20. Average values of snow cover thickness (m) for the period 1980-2021.

Additionally, it is possible to analyze the change in the thickness of the snow cover in
the Arctic zone. Figure 21 presents a map of the difference in snow cover thickness between
1980-1999 and 2000-2021. The difference in the average values of snow cover thickness
between the periods allows us to conclude that in the western and eastern parts of the
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studied area, as well as along the coast of the Barents Sea, there is a decrease in snow cover
thickness up to 10 cm, while in the central part there is a slight increase—up to 2 cm.
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Figure 21. Average changes in snow cover thickness (m) between the periods 1980-1999 and
20002021 (difference of average values between these periods) according to MERRA-2 data.

3.9. Auxiliary Data-Layers of the Atlas

Auxiliary data were employed for filling the atlas maps with additional layers to
facilitate the visual assessment (more accurate determination of objects’ location within the
map). Such information included physical and geographical parameters, administrative
regions, and infrastructure objects. All operations on employing the auxiliary data were
performed in ESRI ArcGIS (ArcMap) software. Let us consider this auxiliary information.

The physical map of Russia was used as the base for compiling the atlas maps. It
includes topographical features of the regions of the western part of the Russian Federation:
Northwestern Federal District (NFD), and Ural Federal District (UFD). The most suitable
digital representation (at a scale 1:2,500,000) was provided by the Karpinsky All-Russian
Research Geological Institute (VSEGEI). Digital geographic bases were prepared using
ESRI ArcGIS software in conic equidistant projection [56,57].

The digital elevation model (DEM) was added to display the main terrain and relief
features of the studied area. Considering the wide coverage of the territory, as well as high
resolution, the GEBCO DEM with 30 m resolution was selected. The data is a global DEM
for ocean and land showing elevation and depth in meters, on a grid with an interval of 1
angular second (about 30 m) [58,59]. The model at first was cropped to the territory of the
Russian Federation, then to the boundaries of the studied area as part of this work.

Since there are only six administrative centers of the Russian Federation regions within
the studied area, in order to increase the level of detail of the atlas maps, it was decided
to also include the basic information on the settlements with a population of over ten
thousand people [60]. The initial database includes: the name of the settlement, population,
coordinates, administrative codes, and other information. The database was transformed
into vector point geodata, and then cropped to the studied area.
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4. Discussion

In this section, we discuss only those results which, from our point of view, are the
most significant for consideration by railway operators.

Serykh and Tolstikov [42] analyzed climatic changes in air temperature, precipitation,
and wind speed in this region. The authors showed that there were significant changes in
these parameters between the periods 1980-2000 and 2001-2021. The strongest increase in
temperature was observed for November and April, indicating that there was a shift in the
time boundaries of the seasons—a later start and an early end of winter. It was revealed that
in 2001-2021 the temperature increased most rapidly in the offshore area of the Barents and
Kara Seas and this growth was accelerated. We have shown that the detected increase in the
amount of precipitation is associated with a significant change in atmospheric circulation
in the studied area. In the summer season and in September, there was an increase in the
west wind within this territory. In the winter season of 2001-2021, there was an increase in
the south wind in the Barents and Kara Seas as compared to 1980-2000.

Serykh and Tolstikov [43] found an increase in upper 1.5 m soil temperatures of about
0.5 °C in 2001-2021 as compared to 19802000 in the west of the studied area. This may
lead to the reduction and even complete disappearance of the island permafrost on the Kola
Peninsula, where average soil temperatures increased almost everywhere in 2001-2021 to
+3 °C and more. In 2001-2021, an accelerating increase in soil temperature also began in
the northeast of the western part of the Russian Arctic. There was a decrease in snow cover
thickness in the west and east of the studied area in 2001-2021 as compared to 1980-2000.
In the west of the studied area, there was also a significant reduction in the area of snow
cover in November and April. An increase in specific humidity at 2 m altitude began in the
west of the studied territory, and especially over the White Sea in 1980-2000. In 20012021,
the increase in air humidity spread to the center and the east of the studied region with the
highest growth rate over the waters of the seas, and this growth occurred with acceleration.
These changes can be explained by the increasing influence of the North Atlantic on this
territory and this process can be called “Atlantification” of the climate of the western part
of the Russian Arctic. This phenomenon may lead to an increase in the number, strength,
and duration of extreme weather events in this area [43].

Our research confirms that the warming of this area is significant and occurs in
the direction from southwest to northeast [61]. The railway section from Syktyvkar to
Salekhard and the section to Yamburg over the past two decades are in an area where
average annual air temperatures remain below 0 °C in Figure 10. This means that these
sections are operated under difficult weather and climatic conditions for all 12 months (as
positive air temperature here is on average only from May to September), and the average
monthly air temperature reaches from —20 °C to —22 °C in winter. Warming of the regional
climate will occur along these sections, which will lead to thawing of permafrost, change of
hydrological characteristics of numerous rivers, lakes, wetlands and may negatively affect
the stability of railway tracks and bridges.

Air temperatures along these railways increased by an average of 0.4-0.6 °C between
1980-1999 and 2000-2021. Comparing these two periods, in January, the warming up to
1.0-1.5 °C was observed along the section to Murmansk and Arkhangelsk, warming up
to 0.5 °C was observed along the section to Salekhard, and the cooling of 1-2 °C was
observed on the section to Yamburg. In February, warming up to 0.8 °C was observed only
on the section to Murmansk. In March, warming to 1 °C was observed only on the section
to Yamburg. In April, warming to 1-2 °C was observed along all railway sections, with
the warming being greater in more northerly sections. In May, warming to 1-2 °C was
observed along all sections of the railways. In June, the greatest warming was observed
along the sections to Salekhard and Yamburg, and northwards and eastwards the anomaly
was greater, up to 2.4 °C. In July, August, and September, on the contrary, the temperature
anomalies in the western part of the studied area were greater (up to 0.8-1.4 °C) than along
the eastern sections of the railways. In October, there was a uniform warming of the entire
region to 0.8 °C, and only on the northernmost railway section to Murmansk and Yamburg
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the anomaly reached 1.2 °C. In November, all the sections showed warming between
2 °Cand 2.6 °C, except for the section to Yamburg, which reached 0.8 °C. In December, the
warming increased from east to west, from 0 °C to 2.2 °C on the section to Murmansk in
Figure 22. Thus, the regional climate change is very uneven within the year (by month),
spatially, and even along each section of the railway separately.
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Figure 22. Average air temperature change (°C) at 2 m altitude between the periods 1980-1999 and
20002021 (difference of average values between these periods) for December.

Not only the rate, but also the direction of air temperature change varied radically
from 1980 to 2021. If in 1980-1999, almost the whole studied area was cooling at a rate
from 0 °C to 0.5 °C per 10 years. In Figure 23 (except for the Kola Peninsula and Karelia,
where warming was 0.2 °C per 10 years), in 2000-2021, warming was observed everywhere
from 0.1 °C to 0.5 °C per 10 years and the farther northwards, and it was faster on average
in Figure 24.

Atmospheric precipitation in the studied area was on average 1.8-2.4 in/day, and the
average values for 1980-2021 are distributed regularly over the territory, except for the
Ob Bay area, where precipitation is less in Figure 17. Difference in mean precipitation be-
tween 1980-1999 and 20002021 shows that precipitation has increased by 0.06-0.12 in/day
on railway sections to Murmansk, by 0.10-0.16 in/day to Arkhangelsk and Salekhard
and remained virtually unchanged along the section to Yamburg in Figure 25. These
changes are only 5% of the average values, so in the mean this increase is insignificant.
However, in areas where average air temperatures have crossed 0 °C, this may indicate
predominantly rain rather than snow, but this requires a joint analysis of air tempera-
ture and precipitation changes for individual months. Intra-annual variability shows
that the greatest amount of precipitation in the studied area occurs from June to August.
The most significant changes between the periods 1980-1999 and 2000-2021 occurred
in March in the central part of the studied territory, where precipitation increased by
0.2-0.5 in/day. In May, near Arkhangelsk the increase was 0.5 in/day; in June, along the
railway to Salekhard the increase was 0.5-1.0 in/day; in August, at some sections of the
Murmansk and Arkhangelsk railways, as well as the railway to Yamburg, the increase
was 0.6 in/day; in September, at some sections of the Murmansk and Arkhangelsk rail-
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ways, as well as along the railway between Syktyvkar and Salekhard, the increase was
0.4-0.8 in/day. These changes in some months and in some areas are significant, in-
creasing from 25 to 50% of the average values. In addition, the highest growth rate of
precipitation was observed exactly in the last 20 years, when it reached 0.15-0.2 in/day
per 10 years, ie., approximately 10% for 10 years along almost all railway sections
in Figure 26.
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Figure 23. Average rate of change (linear trend) of mean monthly anomalies (relative to the annual
rate) of air temperature at 2 m altitude (°C per 10 years) for 1980-1999.

Average wind speed in the region ranges from 1.0 to 1.5 m/s for 1980-2021. This is
the southwestern wind within all the studied area. Between the 1980-1999 and 2000-2021
periods, the wind speed has increased in some areas by 0.10-0.15 m/s, which is 10% of the
average values. There is a significant seasonal variability in wind speed, which changes on
average from 1 m/s in summer (June-August) to 2-3 m/s in winter (December-February).
In some months and in some areas, the observed changes are even more significant. For
example, between the periods 1980-1999 and 2000-2021, in March, the wind speed increased
by 0.5 m/s along the railway to Yamburg. In April, the same wind speed increase was
observed on the same railway to Salekhard and on the Murmansk railway. In June, the
same wind speed increase was observed in the vast area around Syktyvkar. In July, the
wind speed increased by 0.5-1.0 m/s near Salekhard and Yamburg. In August, the wind
speed increased by 0.5 m/s in Karelia, at the railway sections to Salekhard and Yamburg,
and in September by 0.5 m/s everywhere in Figure 27. In the central part of the studied
area, the wind speed growth rate in the last 20 years reached 0.1 m/s per 10 years, which is
about 10% per decade in Figure 28.
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Figure 24. Average rate of change (linear trend) of mean monthly anomalies (relative to the annual
rate) of air temperature at 2 m altitude (°C per 10 years) for 2000-2021.
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Figure 25. Average changes (difference in average values) in total precipitation per day (in) between
the periods 1980-1999 and 2000-2021.
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Figure 26. Average rate (linear trend) of change in mean monthly anomalies (relative to the annual
rate) of total precipitation per day (in/day per 10 years) over 2000-2021.
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Figure 27. Average wind speed change (m/s) (difference of average values) at 50 m altitude between
the periods 1980-1999 and 2000-2021 for September.
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Figure 28. Average rate (linear trend) of wind speed change at 50 m altitude (m/s per 10 years)
for 2000-2021.

In the last two decades, the average snow cover thickness in the studied area was
20-35 cm in Figure 29. The observed climate warming led to a decrease in snow cover
thickness from 1980-1999 to 20002021 by 2—4 cm in the western and eastern parts of this
territory, i.e., by approximately 10% in Figure 21. The highest snow cover thickness is
observed in March, when it reaches 50-80 cm in different regions, and from 70 to 100 cm
along the railway from Syktyvkar to Salekhard in Figure 30. From June to September, the
snow cover is absent. The rate of snow cover reduction can reach 2.5-3.5 cm per 10 years
in the northern part of this region, both on the Kola Peninsula and in the area of the Gulf
of Ob.

Soil temperature increased significantly along with the climate warming [62]. Average
changes in temperature of the upper 10 m of soil between the periods 1980-1999 and
2000-2021 varied from 0.2 °C to 0.8 °C. This warming affected the area westwards from
the Ural Mountains; the area eastwards remained virtually unaffected in Figure 31. The
spatial distribution of soil temperature in the last two decades is shown in Figure 17.
Notably, in both average values and in values for individual months, negative values
of soil temperature in the MERRA-2 database are observed only on the Novaya Zemlya
Archipelago, Yamal Peninsula, and northwards from 68°N in the territory east of the Gulf of
Ob. This distribution contradicts the known maps of the permafrost boundary position in
northern Russia and Siberia [3,6], so this issue requires special consideration. The average
rate of soil temperature increased in 2000-2021 and reached from 0.2 °C to 0.8 °C per
10 years in the central part of the studied area whereas in the far northern regions it reached
from 1.2 °C to 1.6 °C per 10 years in Figure 32.
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Figure 29. Average values of snow cover thickness (m) for 2000-2021.
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Figure 30. Average values of snow cover thickness (m) for March over 2000-2021.
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Figure 31. Average change (difference of average values) in temperature (°C) of the upper 10 m of
soil between the periods 1980-1999 and 2000-2021.
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Figure 32. Average rate (linear trend) of change in mean monthly anomalies (relative to annual

variation) of the temperature (°C per 10 years) of the upper 10 m of soil for 2000-2021.

In this section, we discussed only those specific features of the regional climate change
in terms of seasonal and interannual variability of seven meteo-parameters which, from
our point of view, are the most significant for consideration by railway operators. For the
first time, such an analysis was completed specially for the western part of the Russian
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Arctic where a dense railway network exists and there are plans for its development in the
near future. The obtained information is unique, because we concisely discussed every
parameter and presented the main key peculiarities of the regional climate change for
different sections of the railway network where the greatest changes were observed. To our
knowledge supported by the opinion of the experts from Research and Design Institute of
Informatization, Automation and Communications in Railway Transport, which belongs to
the Russian railways, this is the first digital atlas of climate change impact on operability
and infrastructure of the Russian railways in the Russian Federation.

For instance, the “Third assessment report on climate change and its consequences on
the territory of the Russian Federation” issued in October 2022 by the Russian Hydrometeo-
rological Service [63], which is the most comprehensive recent analysis of climate change on
the territory and aquatoria of the Russian Federation, contains only very general and very
limited information about the impact on the Russian railways in the volume of 3.5 pages
from 678 pages in total. Moreover, this concerns both automobile and railway transport.

There is a long list of publications and reviews devoted to climate change impact
on railway transport operability and infrastructure in different countries, but all of them
dis-cuss general negative issues from heat or cold waves, frosts, permafrost thawing, heavy
rains, storms and high winds, extreme sea level and waves, riverine and coastal storm
flooding, and show different case studies of this impact [2,64-76]. However, we could
not find a detailed atlas such as this one with a comprehensive set of different maps and
parameters which display the ongoing regional climate change and its impact on railway
networks in other parts of the world.

5. Conclusions

The atlas depicting climatic changes of basic hydrometeorological parameters in the
western part of the Russian Arctic over 1950-2021 is the first experience of building a
specialized climatic cartographic product for the needs of the Russian railways [77]. It
contains 459 maps of mean seasonal and decadal characteristics of surface air temperature
(69 maps), total precipitation (69 maps), wind speed at ground surface (69 maps), soil
temperature (63 maps), soil moisture (63 maps), air humidity (63 maps), and snow cover
thickness (63 maps), along with their mean rates of change (linear trends). This article
details the initial data and GIS-based methodology used for compiling the atlas; and
provides its main features and examples of certain map types. In addition, it discusses the
most intriguing results that come from the interannual variability of the studied parameters,
which are crucial for the railway operation in the northwestern part of the Russian Arctic.

We show that the climate warming in the studied area is very irregular within a year
(by months), spatially, and even along each section of the railway (from 0.5 °C to 2.6 °C
between 1980-1999 and 2000-2021). The rate of air temperature increase is maximal exactly
in the last 20 years and reaches 0.5 °C per 10 years. The observed climate warming led to a
2—4 cm reduction in snow cover thickness from 1980-1999 to 2000-2021 in the western and
eastern parts of the studied area, i.e., by approximately 10%. As the climate is becoming
warmer, soil temperatures increase significantly. Average temperature change in the upper
10 m of soil between the 1980-1999 and 2000-2021 periods varies from 0.2 °C to 0.8 °C.
Between 1980-1999 and 20002021, there is a significant increase in precipitation, which in
some months and in some areas ranges from 25% to 50% of average values. The highest
rate of precipitation growth is observed precisely within the last 20 years, when it reaches
10% per 10 years along almost all railway sections.

The performed analysis has revealed significant spatial and temporal heterogeneity
of the considered parameters variability. These results suggest that a thorough study of
the climatic parameters along each railway section separately is needed. This will make it
possible to clarify the observed changes and improve the forecast for individual railway
sections. The future research in this direction will result in: (1) creation of specialized
diagrams (Hovmoller diagram) of spatial and temporal variability of selected hydrome-
teorological parameters along the main railway sections in the northwestern part of the
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Russian Arctic; (2) creation of maps and diagrams of spatial and temporal variability of
extreme weather phenomena in the form of observed anomalies, occurrence frequency
and duration; (3) creation of forecast maps of spatial and temporal variability of basic
hydrometeorological parameters up to the end of the 21st century for the existing and
planned railway infrastructure.

Particular strengths of this study concern a choice of the meteo-parameters, specifica-
tion of the maps, visual representations of the maps (color scales, isolines, railway lines,
rivers, coastlines, geographical projection, etc.), original algorithms of geospatial data pro-
cessing and their representation in the in GIS environment, and our own recommendations
derived from the research on how to improve future generations of the atlas. This is why
we describe in detail technical aspects of the atlas construction that can be used by our
followers to avoid mistakes and save time in building atlases for other similar regions in
the world.

This is the first experience in building a specialized climatic cartographic product
for the needs of the Russian railways, and to our knowledge the first atlas such as that in
the world. The atlas expansion and improvement will be continued in the framework of
the Russian Science Foundation Project No. 21-77-30010 (2021-2024) “System analysis of
geophysical process dynamics in the Russian Arctic and their impact on the development
and operation of the railway infrastructure” in close collaboration with experts from the
Russian railways.

We hope that the detailed analysis of the atlas maps prepared for the Russian rail-ways,
along with its future expansion, will contribute to sustainable development and adaptation
of the railway infrastructure to climate change in the northwestern part of the Russian
Arctic. In the future, the amassed experience may be transferred to other regions of the
Russian Federation, as well as similar regions in Canada, Sweden, and Highland China
that are also subject to significant climate change [72,76].
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