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ABSTRACT

Methods and technique of ecological-geomorphological mapping using GIS software is discussed with a special reference to two maps compiled in 2000-2005 within the framework of the project «Regional Aspects of Development of Russia Under Conditions of Global Changes in the Environment and Climate»; among them, there are «Ecological and Geomorphological Situations in Subjects of the Russian Federation» and «Zoning of the Russian Territory by the Extreme Range of Development of Ecological and Geomorphological Situations».

INTRODUCTION

Thematic mapping of hazards and risks stemming from extreme natural and natural-anthropogenic processes is considered as a tool for assessing natural conditions on the territory under study. In 2000-2005, within the framework of the project «Regional Aspects of Development of Russia under Conditions of Global Changes in the Environment and Climate», researchers from the Institute of Geography, Russian Academy of Sciences, together with specialists from other institutions compiled and published two maps at the scale of 1:9 000 000.

The first map «Ecological and Geomorphological Situations in Subjects of the Russian Federation» comprises an integral assessment of exodynamic conditions. The map delimits zones of the most probable damage impaired by permafrost and seismic processes, data on economic losses inflicted by widespread processes (erosion, cryogenic processes, waterlogging, inundation).

The second map «Zoning of the Russian Territory by the Extreme Range of Development of Ecological and Geomorphological Situations» illustrates the detailed assessment of erosion risk on the basis of data on the relief ruggedness and dissection, development of cryogenic processes within zones of continuous and intermittent permafrost, as well as various extreme man-induced processes. Such a combination of conditions allows carrying out the territory zonation, which the authors depicted in small-scale maps-insets. The first inset, «Processes determining the possibility of extreme ecological-geomorphological situations», illustrates the complex of natural, natural-anthropogenic and anthropogenic factors that are responsible for the present-day and future development of extreme situations. The second inset, «Possible changes in ecological-geomorphological situations during global warming», demonstrates possible changes in the trend of exogenous processes caused by global climate warming, which are based on global climate modeling and empirical expert evaluation.

GIS-based mapping approach involves digitizing and vectorization of source «paper» maps, spatial modeling, and the analysis of multi-layered digital datasets by means of ArcInfo and ArcGIS (ESRI, Inc., USA), data visualization in the form of on-screen maps, and the final graphical operations for map publishing. Thereby, a parallel co-existence of maps is provided in the traditional analogous, digital, and electronically networked environments (for instance, via web map servers) that extends the circle of their users and applicability, including further assessment of risks in the course of investment activity, research and educational efforts.

METHODOLOGY AND RESULTS

The paper presents results obtained by the Laboratory of Geomorphology (Institute of Geography, RAS) in small-scale computer-aided (electronic) mapping of natural, including geomorphic, hazards and risks [1-3].
The first map “Ecological and Geomorphological Situations in Subjects of the Russian Federation” based on a great volume of statistical information on natural risks and damages registered in various subjects was published in 2002 [4]. It comprises three groups of data (fig. 1).
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Exodynamic state (in points according to experts’ assessment)

favorable seismic and exogenic conditions

favorable seismic and relatively favorable exogenic conditions

relatively favorable seismic and relatively favorable exogenic conditions

relatively favorable seismic and unfavorable exogenic conditions

unfavorable seismic and relatively favorable exogenic conditions

unfavorable seismic and unfavorable exogenic conditions

Fig. 1. Ecological and geomorphological situations in subjects of the Russian Federation – fragment of the map.
The first group of data covers exodynamic conditions as combinations of exogenic and endogenic factors; six categories are distinguished altogether, each characterized by certain exogenic relief-forming processes and degree of seismic instability (expressed in conventional units – points) based on experts’ assessment.
The second group depicts technogenic processes; it gives total mean annual damage caused by technogenic processes expressed in monetary terms.
The third group presents the damage impaired by processes most sensitive to changes in climate and land use, such as complex of erosional processes, cryogenic processes, waterlogging, etc.
Spatial analysis of the map content has shown, in particular, that 62% of total erosion damage all over the Russian territory occur in the European region, southern areas suffering in a greater degree that northern ones. Soil erosion is the principal damaging factor in the southern agricultural regions (it accounts for as much as 60-80% of losses).
Total losses due to floods, erosion and waterlogging are greatest in the North-Eastern economic region, though considerable damages were registered in the middle reaches of the Volga and in North Caucasian region (up to 1.5 million dollars per year).
The second map of zoning the territory of Russia to the degree of extreme ecological-geomorphological situations [5] is developed on the base of authors’ variant prepared in 2005.
The extreme ecological-geomorphological situations (EEGS) are considered as a complex of geomorphic phenomena arising from unusual occurrence (extremely active or abated) of relief-forming natural and technogenic processes that exert negative impact (either temporary, or permanent) on conditions of human life and economy within a certain area.
The contents of the map may be considered as consisting of three blocks.
The first (and the most important) block is based on the terrain subdivision according to degree of its dissection (ruggedness); this approach was developed in the Laboratory of Geomorphology (IG RAS) using topographic maps of 1:300 000 scale and the available data on the degree of soil erosion [6, 7, 8]. Being an integrated result of interaction between exogenic and endogenic processes at present and in the past, the ruggedness of topography controls, to a certain extent, intensity of the present-day processes and indicates a possible direction of exogenic process evolution in future (fig. 2).
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Fig. 2. Map of zoning the territory of Russia to the degree of extreme ecological-geomorphological situations - a fragment.
Legend to fig. 2

DEVELOPMENT OF EROSION PROCESSES

	Intensity of erosion processes
	Degree of erosion dissection (ED)
	Activation of attendant

processes*

	
	Thickness ED,

(km/km2)

from    to
	Depth ED,

(m)

from    to
	Paludification
	Sheet erosion
	Linear erosion
	Gravitation processes

	
	in plains
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	Very week 
	0.0
	1.0
	<10
	50
	5
	1
	0
	0
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	Week
	0.0
	1.4
	10
	100
	3
	2
	2
	0
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	Moderate
	0.2
	2.8
	10
	200
	0
	4
	4
	3
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	Very intensive till extremacy
	0.4
	3.4
	50
	800
	0
	4
	4
	3

	
	in mountains
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	Week
	<0.4
	1.6
	<40
	80
	0
	4
	3
	3
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	Moderate
	<0.4
	2.0
	<40
	400
	0
	2
	4
	4
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	Intensive 
	<0.4
	4.0
	40
	>1000
	0
	0
	5
	4
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	Extreme
	0.8
	4.4
	80
	>1000
	0
	0
	5
	5


* - degree of extremacy according to scale force 5 increasing with raising force

DEVELOPMENT OF FROZEN PROCESSES
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	In the zone of continuous permafrost cryogenic processes (thermokarst, thermal erosion, solifluction, ground heaving, formation on an icing etc.) are developed intensively till extreme displays depending on lithological-hydrogeological conditions
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	In the zone of continuous and discontinuous permafrost cryogenic processes are less intensive


AREAS OF EXTREME DEVELOPMENT

OF ANTHROPOGENIC PROCESSES
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	Extreme disturbance of arable lands (annual erosive wash-out 3-10 t/ha) in the area of 20-50% and more)
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	Extreme disturbance mining industry lands: dump, quarries, tailsdepositions; landscape deformations (subsidence, downfallings etc.) change of the structure of surface run-off; heavy changes of flood plain and river-beds etc.
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	Complex disturbance of lands (by agricultural and mining activities)


There are eight types of regions identified by combinations of averaged morphometric indexes and development of erosion processes, separately for plains and mountain areas.
Plain areas of Russia:
А. European Russia as a whole features weak and medium erosion intensity and mosaic pattern in its spatial distribution. Erosion processes of medium to high intensity are confined to elevated plains (northwestern portion of the Kola Peninsula, North Karelia). The degree erosional dissection is controlled by geology of this territory (namely, by the presence of highly resistant solid rocks and fault zones): the depth of dissection (valley depth) is up to 200 m, density of erosional network is 0.6 to 1.0 km/km2.
In the eastern part of European Russia, including middle reaches of the Volga and Vyatka-Kama regions, stream erosion is also active. The areas feature more pronounced variations in the stream network density (from 0.3–0.4 to 1.4–1.6 km/km2) and in depth of valleys and gullies (from 30–70 m to 70–140 m, locally to 160 м).
In the south of European Russia there are areas distinctive for anomalous characteristics of erosional dissection. The maximum values of both drainage density (2.8–3.4 km/km2) and valley depth (from 200 to 1000 m) are registered on the Stavropol Upland and in the northern foothills of the Caucasus; that accounts for high rate of erosion there controlled by lithology.
Medium rate of erosion is typical of high plains west of the Urals and in the central part of European Russia, with drainage density varying from 1.4–1.6 km/km2 to 2.4–2.8 km/km2 , and valley depth not exceeding 50 m.
The erosion rate is much lower on low plains of tundra, lowlands of the central European Russia, western Caspian Lowland and lower Kuban R. basin; the listed regions show very low characteristics of erosional dissection (drainage density is below 1 km/km2 , and depth is less than 50 m). Noticeable erosion hazard is registered along large river valleys only.
B. Vast areas of the West Siberian Plain feature a low rate of erosion. They are mostly poorly drained wetlands with drainage density less than 1.1 km/km2  and valley depth – 50 m at most. The erosion risk is negligible everywhere except uplands and sloping plains at the periphery of West Siberia; there erosion processes are more active, with valley network density in the range of 0.6–1.6 km/km2  and valley depth 30–70 m.
C. Central Siberia with its low and middle mountain topography (including plateau, highlands and ridges of 500 to 1500 m altitude) belongs to territories of high erosion hazard, the valley density averaging at 3.4–3.6 km/km2  and depth of dissection reaching locally 1000 m.
When comparing the characterized regions, it should be noted that Central Siberia is the most hazardous regarding erosion processes and surpasses by far the West Siberian Plain, while plains of European Russia are intermediate in degree of erosion risk.
The mountain regions of Russia are somewhat different in indexes of erosional dissection. At a certain degree of erosion hazard, the controlling factor is dissection depth which exceeds 1000 m. The dissection density is highly variable and may range from 0.4 to 4.4 km/km2  within a single mountain region, with minimum values confined to intermontane basins.
A dissection by dense network of streams and valleys enhances gravitational processes and linear erosion. On the whole, the mountain regions (among them the Northern Caucasus, the Urals, Altai, the Sayans and mountains of Transbaikalia, East Siberia and North-East of Russia) may be placed into type of great and extremely great erosional hazard.
The second block of the map contents includes cryogenic processes shown within the limits of the present-day zones of continuous and discontinuous permafrost. Depending on the continuous or discontinuous permafrost occurrence, as well as on rock lithology and hydrogeological conditions, cryogenic processes (such as thermokarst, solifluction, frost upheaval, icing, etc.) may vary in intensity from weak to extremely dangerous.
The third block of the map contents shows area of extreme development of anthropogenic processes, including: 1) extremely heavy disturbance of arable land (yearly soil loss is 3 to 10 tons per hectare over 20-50 per cent of the area and more); 2) extremely heavy disturbance of lands by mining (waste damps, quarries, pits, tailings storage, and various deformations of land surface due to caving-in, sagging, subsidence; changes in drainage pattern, heavy changes in floodplains and river channels, etc.); 3) integrated land damage due to agriculture and mining industry).
The present-day anthropogenic processes are considered to be hazardous to environments first of all because they lead to soil resource deterioration; that results not only from soil degradation (increase of eroded land proportion), but is due to removal of immense mass of nutrients and fertilizers, crop failure, accumulation of low-fertility sediments over floodplains, channel silting and, finally, decay of small rivers. One of main sources of water pollution in Russia is liquid and solid runoff from agricutural lands and areas of extensive mining; the incoming biogenic compounds, pesticides and heavy metals induce overgrowing of water reservoirs and deterioration of water resources.

The areas most endangered by potential surface water pollution due to soil erosion are southern part of the Central Russian Upland and the Northern Caucasus forelands. In Siberia, drainage basins of Abakan and the southern part of the Angara basin are the most hazardous in this respect [9, 10].
The map analysis permitted subdivision of the Russian territory by factors controlling the probability of EEGS appearance [11], as shown in insert map “Processes determining the possibility of extreme ecological-geomorphological situations” (Fig. 3).
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Natural processes

Exogenous (regions 1-4)

Exogenous and seismic (regions 5-6)

Mainly seismic (regions 7-10)

Natural-anthropogenic processes

Anthropogenic and activated exogenous (regions 11-14)

Anthropogenic, seismic and exogenous (region 15)

Anthropogenic in the zone of rised seismicity (more the 7 in MSK-64 degrees of intensity) (regions 16-18)

Anthropogenic processes

In the most part of the region area (regions 19-23)

In local part of the region including along manifold of pipelines (regions 24-27)

Fig. 3. Processes determining the possibility of extreme ecological-geomorphological situations. 
An assortment of natural factors exerts a control over EEGS appearance on mostly pristine or poorly cultivated and dynamically unstable territories. Those include north of Russia, Kamchatka, Kuril Islands, Sakhalin, and some of cultivated areas (northern slopes of the Great Caucasus).
The second group of processes may induce EEGS in well developed and relatively stable regions (Central Russian Upland, West Siberia) and in those relatively unstable (South of the Far East, Transbaikalia).
Even in morphodynamically stable regions, EEGS may be provoked by human actions; the latter may aggravate risk both on local scale and over considerable areas already marked by extreme activity anthropogenic processes.

In urban areas there is a complex of man-induced (technogenic and technogenically activated) negative processes, such as waterlogging, slope erosion (sheet and rill wash), surface subsidence, etc.
As shows analysis of damages resulting from EEGS, the maximum losses from earthquakes, landslides, rockfall etc. are recorded in North Caucasian, East-Siberian and Far-Eastern economic regions; the Uralian and Volga-Vyatka economic regions suffer most from karst and suffosion (piping, tunnel erosion, etc.). Damage inflicted by natural-anthropogenic processes (in particular, by most common of them – waterlogging and inundation) is registered in a majority of regions.
When compiling the insert-map «Probable changes of ecological-geomorphological situations under global warming» (fig. 4), the authors used prognostic models of climatic changes and recently published data on the Russian territory subdivision by the process intensity [10, 12].
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In plains

in the permafrost zone

more than 50% of area are affected by dangerous and potentially dangerous cryogenic processes, high probability of their activation during warming: considerable degradation of frozen rocks, their subsidence in big territories that will lead to increase of the number of large damages engineering constructions

30-50% of the area are affected with dangerous and potentially dangerous cryogenic processes, the probability of extreme situations is moderate and high (mainly activation of thermokarst, thermal erosion, ground heaving)

less than 30% of the area is affected with dangerous processes, exist moderate and small probability of the activation of processes during warming. There are possible both negative processes connected with degradation of permafrost, increasing area of marsh-ridden lands and a stabilization of engineering-geomorphological and ecological-geomorphological conditions in the parts where permafrost is absent

out the permafrost zone

improvement of the climatic conditions and improvement of the structure of land fund – favorables ecological-geomorphological situations

increasing of arid climate – increasing dust storms, soil salinization, deflation in regions where ecological-geomorphological situation before was determined with these processes too

In mountains (in the territories with rised seismicity)

growth of runoff, activation of erosion, landslides, falls – deterioration of living conditions both in mountains and in foothill

high probability of the activation formation of an icing, solifluction and other dynamic processes connected both with degradation of permafrost and with higher instability of relief

high and moderate probability of increasing activation of the slope processes (solifluction, rock streams, falls etc.) connected both with permafrost and with seismicity of territory

activation of the processes is defined mainly by seismicity and to a lesser degree by change of climatic conditions

Fig. 4. Probable changes of ecological-geomorphological situations under global warming.

The map cannot be considered as a prognosis – it presents a probable scenario of the process evolution under stated conditions, based on experts’ assessment. For the Russian territory as a whole, it is to be expected that exogenic processes may change noticeably both in rate and direction; that being so, positive tendencies may appear in some regions (regions of type 3 and partly type 4).
Considering the territory of Russia as land and territorial resources, we shall give in conclusion “insurance indexes” calculated for economic regions of Russia.
Table. Insurance indexes.
	Economic regions
	Exodynamic conditions (seismic and exogenous)
	Risk value as to vulnerability of
	Most damaging
processes 
	Most vulnerable federal subjects
	Insurance index

	
	
	basic funds of industry
	population 
	
	
	

	Northern
	generally favorable 
	reduced
	reduced
	waterlogging,

cryogenic processes, floods
	Komi republic, Arkhangelsk and Vologda oblasts
	V

	Northwestern
	generally favorables
	reduced
	reduced
	floods, waterlogging,
	Leningrad oblast
	V

	Central
	favorable (in the most part) combined with relatively favorable 
	moderate
	moderate
	landslides, waterlogging, erosion,

karst
	Moscow and Tula oblasts
	III

	Central-Chernozemic
	favorable and relatively favorables seismic and relatively favorables exogenous
	reduced
	moderate
	karst, landslides, waterlogging, erosion, floods
	Voronezh, Kursk and Lipetsk oblasts
	IV

	Volga-Vyatka
	favorable seismic and relatively favorables exogenous
	moderate
	high
	waterlogging, landslides, karst, floods 
	Chuvash republic, Nizhny Novgorod oblast
	II

	Povolzhye
	favorable seismic and relatively favorable exogenous
	moderate
	moderate
	waterlogging, landslides, erosion, 

karst
	Volgograd, Samara, Saratov and Ulyanovsk oblasts
	III

	North Caucasus
	complex combination of relatively favorable and unfavorable conditions
	high
	high
	earthquakes, floods, waterlogging, landslides, karst
	Krasnodar krai, Republic of Dagestan, Chechen republic, Republic of North Ossetia-Alania
	I

	Urals
	favorable seismic and relatively favorables exogenous conditions
	moderate
	moderate
	waterlogging, landslides, karst, floods
	Republic of Bashkortostan, Perm krai, Sverdlovsk oblast
	III-IV

	West Siberian
	mainly unfavorable seismic conditions combined with favorable and unfavorable exogenous
	moderate
	reduced
	earthquakes, waterlogging, floods, landslides, cryogenic processes
	Altai republic, Novosibirsk, Omsk and Tyumen oblasts
	III

	East Siberian
	
	high
	high
	earthquakes, floods, waterlogging, landslides, cryogenic processes
	Buryat republic, Chita and Irkutsk oblasts 
	I

	Far Eastern
	
	high
	moderate
	earthquakes, tsunami, floods, landslides
	Sakha republic, Primorsky and Khabarovsk krai, Sakhalin and Kamchatka oblasts
	II

	Kaliningrad
	generally favorable
	reduced
	reduced
	waterlogging
	Kaliningrad oblast
	V


The insurance index reflects, first of all, degree of risk of dangerous process activation (including hazardous natural and natural-anthropogenic processes) on the considered territory, with due regard for its resistance (vulnerability) to those processes. More precisely, it shows probability of damage from natural and natural-anthropogenic processes inflicted on principal industrial funds and on human beings.
The insurance index shows, on one hand, degree of risk and insurance rate, and on the other states the rank of different regions in need of promotion of safety and insurance against most damage-inflicting processes. The regions in greatest need of safety measures are those located within the zones of high seismicity, or in zones exposed to hazardous or potentially hazardous cryogenic processes over 30-50% of their area (insurance index is I–II), the Far East and Volga-Vyatka regions. The latter suffer also from floods, waterlogging, landslides and karst processes, while the Far East is subject periodically to great damages from tsunami.
Thus the presented maps allow typifying territory according to its environmental and geomorphic limitations imposed on economic development (with due consideration for impact of the global climate changes). The maps provide grounds for working out regulations (at the Federal level) restricting the impact on nature and human environments; they may be used as well in insuring against dangerous (extreme) processes.
CONCLUSION
The acquired experience in the presented map compiling comfirms undisputable benefits of GIS-based mapping as a principal technique of the up-to-date cartography. Using GIS technologies involves digitizing and vectorization of source «paper» maps, , spatial modeling, and the analysis of multi-layered digital datasets by means of ArcInfo and ArcGIS (ESRI, Inc., USA), data visualization in the form of on-screen maps, and finally creating electronic maps. Their applicability is extended by the fact that they may be published by traditional means as well as be shared through computer networks.
The digital map data are to be included into spatial data sets varying in geographic coverage and topics; presumably they will be applied to testing geo-portal prototype for the Russian Spatial Data Infrastructure. When registered in its Web Catalogue Service, those and other digital data would be immediately accessible for multiple-use by specialists in geography, ecology and other scientists along with other digital, including distributed and networked, resources of spatial data. A possibility for the developed maps to exist in multiple forms have a direct bearing on advancement in the field of ecological-geomorphological mapping as a whole.
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