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Abstract

:

This study investigates the spatial and temporal variability of water runoff and suspended sediment yield in rivers in the Kamchatsky Krai territory (in the Far East of the Russian Federation). It is based on data from 269 monitoring stations for the period of hydrometeorological observations (1930–2015). The representativeness and the homogeneity of data on water runoff and suspended sediment yield was examined. Regions with prescribed limits of specific water discharge (L·s−1·km−2) and suspended sediment concentration (mg·L−1) variability were selected in the Kamchatsky Krai territory. Most rivers in this region are characterized by two relatively long trends in these characteristics that increased from the late 1970s to the early 1980s, followed by a subsequent decline (until 2015). Kamchatsky Krai includes 9 specific water discharge and 18 suspended sediment concentration regions. Hydrometeorological data of three zonal types of water runoff and corresponding suspended sediment concentration distribution were described, and five azonal types of water regime were characterized. One of these types was characterized by a nearly uniform distribution of water runoff within the year, due to the predominance of groundwater feeding source, while the rest of them had mixed feeding. The present study is the first study to describe the water regime of rivers on volcanic flanks in the Kamchatsky Krai.
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1. Introduction


Variability of natural conditions and the presence of very little anthropogenic impacts on river basins in the Kamchatsky Krai create preconditions for a great variety of river runoff characteristics, including spatial and temporal variability of water runoff and suspended sediment yields. The main factors that affect their variation are underlying surface (relief, lithology, soil and vegetation) and climatic conditions (amount and intensity of precipitation) [1]. For long timescales, the temporal variability of water runoff and suspended sediment yields mainly depends on climatic conditions. Volcanic activity particularly affects water runoff and suspended sediment yield variability in the Kamchatsy Krai territory. Active volcanoes are prevalent—there are 42 in Kamchatka [2]—and the radius of ash trails during their strongest eruptions can exceed 2000 km [3], which causes a large amount of friable volcanic deposits [4,5] (up to several tens of thousands of tons per km2) to enter the surface of river basins during eruptions. After the eruptions, the flanks of volcanoes can affect surface flow. Also, wind transports the finest particles, and landslides and taluses on volcano flanks can ultimately affect river valleys. Eruptions during the winter and spring months—when snow supplies reach their maximum amounts—can lead to intensive melting and flash floods. Sometimes, volcanic eruptions can lead to the destruction of glaciers, and rivers with ice feeding lose one of the feeding sources, and as a result, the diminution of water runoff occurs. All of these conditions affect the variability of water runoff and suspended sediment yields in the rivers of the Kamchatsky Krai.



Kamchatsky Krai is the primary spawning territory for salmon species such as king salmon, silver salmon, red salmon, chum salmon, and hunchback salmon, and it is also the most productive area in terms of fishing in the Russian Federation [6]. The salmon populations are strongly affected by water runoff and suspended sediment concentration fluctuations [7,8]. Therefore, the current study is especially important for fishery. Collecting and analyzing recent hydrometeorological data allows us to better understand the spatial and temporal distribution of water runoff and suspended sediment yields in the territory.



Current climate changes [9] significantly impact water runoff and suspended sediment yield characteristics, and rivers in the Kamchatsky Krai in the Far East of the Russian Federation are no exception. The features of the spatio-temporal variability of water regimes and suspended sediment yield characteristics were studied in the 1970s [10,11] when four regions with similar specific water discharge and suspended sediment concentration were delineated. At the last time, the territory was divided into five regions with various types of water runoff distribution within the year and included the main feeding sources. There are only two studies based on recent hydrometeorological data associated with water runoff variability and its dependence on precipitation in the Kamchatka Peninsula [12,13]. Later generalizations on water runoff and suspended sediment yield distribution mainly describes global distribution and do not consider the Kamchatsky Krai territory in detail [14,15,16]. Inter-year fluctuations of water runoff and suspended sediment yields have yet to be studied.



Formation and variability of water runoff and suspended sediment yield characteristics in long-term spatial and temporal scale occur under the influence of topography (elevation, relief, slopes, and slope length) [17], climate (amount of precipitation, intensity and distribution, permafrost, eolian activity), lithology (bedrock), soil and vegetation (types of soils and vegetation), hydrological conditions (types of water regime influence on suspended sediment yield distribution), gravitational processes (landslides, screes, and etc.) [18,19] and tectonics (earthquakes) [20,21].



Relief influences the water regime and erosion through impact on formation and redistribution of precipitation, soils, and vegetation [22]. Water runoff and sediment yield formation depends on mean height and slopes, their length, and ruggedness number [23,24]. Climatic factors primarily impact on water runoff and sediment yield through the amount and intensity of precipitation [25,26]. Rocks permeability for water and their erosion depends on lithology. Friable rocks (sands, sandy loam, loam, clay, and detritus-gravel) have maximum erodibility; the minimum erosion characterizes rocky crystals [27,28]. Water runoff and sediment yield is also determined by characteristics of soils. Erodibility of soils depends on organic matter content, soil structure, water permeability, and particle size distribution. Vegetation influences water runoff and sediment yield through soil erosion protection due to reduction of depth of runoff and speed of rain and melted water flow [29,30]. Hydrological conditions influence suspended sediment yield (SSY) through the erosion and accumulation of sediments in the drainage network and variability of transport capacity of the stream along the rivers [31]. Water regime of rivers determines the main features of seasonal distribution of suspended sediment concentration (SSC) and suspended sediment flux (SSF).



The mass wasting processes in river valleys can significantly influence sediment. Landslides and other processes (debris flow, rock fall, slumping, creeping) are the sources of sediment in the rivers [19,32]. For some regions (for example, Southern Alps in New Zealand), the key factor of suspended sediment yield formation is landslides, which lead to short-term increases of specific suspended sediment yields up to 7000 Mg·km−2·year−1 [18]. A similar influence can be exerted by earthquakes through intensification of landsliding, variation of local and common erosion bases, transformation of river valleys leading to the increasing of erosion [33].



Volcanic activity is the unique factor of water runoff and suspended sediment yield formation and variability in Kamchatka. Volcanic eruptions are a constant source of friable volcanic material (such as ash, pyroclastic) and bad erodible andesitic, andesitic-basaltic, and basaltic lava in river basins. As the result, rivers with specific water regime are formed in volcanic regions. They are characterized by periods of no runoff and significant underflow.



Ashfalls influence soil formation [4,5] and vegetation [34,35] (volcanic flanks often have no vegetation cover). Major volcanoes in Kamchatka have maximum altitude in the peninsula, level difference and the ruggedness number reach their maximum there, due to the processes of relief reformation. Steep slopes and easy erodible rocks create preconditions for mass wasting processes.



Highly erodible volcanogenic deposits fall in the river basins during volcanic eruptions due to ashfalls, pyroclastic flows, and lahars [36]. Pyroclastic flows spread on vast territories (more than 103 km2), significantly influencing landscape evolution through filling topographic depressions, disrupting of drainage network, and causing knick-point formation and retreat [37]. Major eruptions are the sources of large quantities of sediments in rivers, and short-term increase of sediment yield can reach up to 106 m3·km−2·a−1 [38]. In many cases, the increasing of sediment yield is facilitated by absence of vegetation, a decrease of infiltration rates and increased runoff [39].



Volcanic eruptions impact the hydrological regime of rivers [40]. Within 5–10 years after the catastrophic eruption of Mount St. Helens (USA) on 18 May 1980, increasing of peak discharges was observed in autumn and winter, due to the decrease of lag-time and increase of channel efficiency [41]. In some cases, the processes of water transfer changes, when compared with the period before the eruption. In the post eruption period, loss of canopy interception, a greater amount of precipitation reaching the ground surface, reduced evapotranspiration, a reduction of surface infiltration and more prominent overland flow, were observed.



Volcanic eruptions lead to extreme increases in suspended sediment yield in rivers draining flanks of volcanoes [40,42]. Annual suspended sediment yield exceeded background level with 500 times after the catastrophic eruption of Mount St. Helens in 1980. After 20 years the average annual suspended sediment yield were 100 times greater than typical background level (~102 t·km−2) and remained 104 t·km−2 [43]. After 30 years approximately 350 million tons of suspended sediment was delivered from the Toutle River basin to the Cowlitz River (roughly 40 times greater than average annual suspended sediment yield of the Columbia River) [44]. Specific suspended sediment yield increased to 106–107 Mg·km−2·year−1 after the Pinatubo volcano eruption (Philippines) in 1991; SSC in the Pasig-Patrero River reached 9–293 kg·m−3 while the water discharge was 1.2–66 m3·s−1 [45].



The main data on water runoff and suspended sediment yields of the rivers in the Kamchatsky Krai are based on analysis of hydrological monitoring data. Processing this data allows estimation of renewable water resources and suspended sediment yields and allows us to describe the variability of water regime types. According to P.S. Kouzin’s classification [46], there are rivers with floods, floods and flash floods, and with flash floods only.



Mountainous relief with high slopes and elevations, significant amount of precipitation both during the warm and cold seasons, distribution of vegetation cover and particular soils in the Kamchatsky Krai create specific conditions for water runoff and sediment yield formation in river basins there. This study seeks to analyze the spatio-temporal variability of water runoff and suspended sediment yields of rivers in the Kamchatsky Krai and to develop a new interpretation of zonal and azonal types of the water regime of these rivers. The importance of this work is also connected with the specificity of natural conditions of water regime formation in the territory.




2. Materials and Methods


2.1. Study Region


The study area of the Kamchatsky Krai is situated in the Eastern part of Russia and unites the Kamchatka Peninsula and river basins flowing into the Penzhina Bay (from the Taygonos Cape in the west to the Rekinniksky Bay in the east) and into the Bering Sea (from the Anapka River mouth in the south-west to the Pyatnisty Cape in the north-east (Figure 1). Components of the river water balance in the western and eastern parts of the peninsula mainly depend on processes of moisture transfer from adjacent water areas and orographic factors. Kamchatka is surrounded by the Sea of Okhotsk in the west and the Pacific Ocean and the Bering Sea in the east. The Sredinny Range is an orographic barrier for air masses that cause a significant difference in river runoff in the eastern and western parts of the peninsula. The northern (continental) part of the region differs significantly from the peninsula in terms of natural conditions. There is less precipitation in the northern part, and the distribution of relief is more complicated than in the peninsula. Mountain systems with well-developed vertical zonality of landscapes in the eastern part of the peninsula and in the north of the continental part influence the regularities of river runoff formation and distribution within the year. The western part of the peninsula is mainly occupied by a hilly-ridge plain and the west coastal lowland. A volcanic plateau concentrates nearly all of the active volcanoes in Kamchatka and is situated in the south-east, and there are many hot and thermal springs and geysers there [47].



There are more than 140,000 rivers in the Kamchatsky Krai with a total length of about 350,000 km. The river density is estimated to be approximately 0.94 km km−2 [47]. The densest river network characterizes the continental part of the region (its density varies from 0.8–1.0 km km−2 in the north to 1.1–1.4 km km−2 in the south) due to permafrost distribution. The river density in the peninsula varies from 0.5 to 0.7 km km−2 (till 0.9–1.0 km km−2 in the east coast of Kamchatka), while the river density decreases to 0.3 km km−2 in some river basins in the central part of the peninsula. The maximum river density is at approximately 500–700 m in the Kamchatka River basin, and it decreases in zones higher and lower of it. For the Avacha River basin, this type of region is situated between 200–500 m. Regularities of river density variability at various heights are disturbed for some river basins under the impact of volcanic activity due to complications including snowmelt and intense precipitation. Simplification of the river network is observed at lower altitudes due to filtration of water runoff into friable volcanic deposits [11].




2.2. Factors of Water Runoff and Suspended Sediment Yields Formation


The Kamchatsky Krai is characterized by a great variety of landscapes. Main land forms are stretched from northeast to southwest. Mountain ranges and plateaus cover 65% of the Kamchatsky Krai. Intensity of water runoff and suspended sediment yield formation depends on slopes. They range from 120 to 400% in the mountains, while in plain areas it varies from 25 to 100%. Plain territories cover 35% of the Kamchatsky Krai [47].



Relief influences water runoff formation and erosion through formation and redistribution of precipitation, distribution of soils, vegetation, and land use. The relief influence is characterized by relief erosive index [1] considering mean height and slopes, slope length, ruggedness number. Relief erosive index varies from 1.6 and 2.3 in Parapol dale and Penzhina lowland to 837 in the Vostochny volcanic region [47].



Geology is the main factor controlling the groundwater source [48] of feeding which is the primary one for all zonal hydrological regimes in the Kamchatsky Krai due to permeable, soluble and highly fractured underlain bedrock [49].



Water runoff and erosive processes in the territory depend on climatic factors such as amount and intensity of precipitation, rainfall and melted water distribution in surface runoff, and soil moisture. Geographical position of the Kamchatsky Krai and orography of the region determine amount and distribution of the precipitation in the territory. The most intensive cyclonic activity is in the south; it subsides significantly to the north and decreases the mean annual amount of precipitation correspondingly. There is more precipitation on windward eastern flanks of mountains, than on leeward western flanks and protected river valleys. Analysis of precipitation data demonstrates variability of mean annual values from 300 mm year−1 in the north of the region to 1310 mm year−1 in the south-east of Kamchatka.



The intensity of erosion depends on rainfall erosive factor considering the rainfall amount and intensity, impact of rain drops and rock capacity to absorb water [1]. Maximum values of rainfall erosive index are observed in Vostochny volcanic, Vostochny seaside regions and Zapadnaya Kamchatka plain. Minimum values characterize the northern part of the region [49].



A significant factor of water runoff and suspended sediment yield formation is soil–vegetation cover. There 22 districts with various vegetation in the Kamchatsky Krai [35,50]. There is vegetation of arctic tundra in the north of the Kamchatsky Krai and in the mountain regions. Flanks of mountains and mountain ranges are covered by cedar and alder elfin wood and light forest of Erman’s birch. Spruce and larch forests prevail in the Central Kamchatka plain. Sphagnum bogs are spread along the Sea of Okhotsk coast. Alder-poplar and aspen-birch forests with tangles of gigantic annual grass crops grow in flood plains and lowest above the flood plain terraces. The southern part of the Kamchatsky Krai is taiga zone while the northern one is forest-tundra. Flanks of active volcanoes almost have no any vegetation [47].



The difference in surface runoff and suspended sediment yield in forest and farmland river basins can reach an order of values. In natural conditions of the Kamchatsky Krai vegetation has no significant impact on surface runoff and suspended sediment yield because dense vegetation cover protects almost the whole area. The maximum protective feature belongs to forest vegetation (vegetation index reaches 0.003–0.007); bushes have values 0.11–0.21. Maximum values of vegetation index (0.45) (i.e., minimum protection) characterize regions covered by volcanic deposits and without any vegetation [47].



Mostly, it is volcanic soils of various subtypes that are distributed in the Kamchatsky Krai (cover approximately 40% of the territory). Podburs cover about 20%. Peats, podzolic and meadow soils cover 34% of the territory in almost equal proportion. Soils also depend on modern volcanic activity. In the territory of intensive and moderate ashfall zones [5] pyroclastic material falls at least once per 10–20 years, but in some decades the frequency increases to once per year. About several thousands of tons per 1 km2 can fall on the surface during one eruption; thickness of ash layer can reach several tens of centimeters [51].



Distribution of water depends on soil properties, influencing soil moisture, and infiltration characteristics [52]. The influence of soil type on water runoff and erosion is characterized by soil erodibility factor [1] depending on humus content, soil cover structure and permeability, content of clay and sand particles. Diversity of these characteristics influences various liability of soils to erosion and penetration of water. Soil erodibility is maximum for volcanic soils (0.14–0.80), and its minimum for podburs (0.11–0.14) [47].



The type of land use such as forest removal, urbanization, agriculture can significantly impact on water runoff and suspended sediment yield formation and distribution [53,54,55]. But in the Kamchatsky Krai territory, there is no significant human impact, and most of the river basins in the region are characterized by very low impact (less than 10% according to [56]). The level of urbanization and agriculture is very low in the region. There are only three cities (where 78% of the population is concentrated now) and several settlements. Population density is very low (in 2018 an average population density is 0.68 human per 1 km2). Agriculture is not well developed due to the climatic conditions in the area. Urbanization and agriculture can only have very local and insignificant influence. There are some mine works in the territory which have very strong but local impact on river regimes and suspended sediment yield [57]. Almost one-fifth part of the Kamchatsky Krai is occupied by especially protected natural territories (according to [58]).




2.3. Monitoring Water Runoff and Suspended Sediment Yields


There were 269 monitoring stations that measured water runoff and levels in the territory of the Kamchatsky Krai for the period of hydrometeorological observations (since 1930 till 2015, Figure 2a). The number of operating gauges peaked in 1980 when 146 gauges were simultaneously operating. A total of 86 gauges operated in 2010. The average duration of the observations is 22 years. The period of hydrometeorological observations does not exceed 10 years for some gauges (Figure 3). The majority of the water runoff gauges are situated in river basins with areas less than 2000 km2 (76% of all gauges). The gauges are distributed very unevenly. There are a relatively large numbers of gauges in the large plain rivers (the Avacha River, the Kamchatka River) that flow into the Pacific Ocean. There 28 operating gauges in the Kamchatka River basins (1 gauge per 2000 km2 in average) and 12 gauges in the Avacha River basin nowadays (1 gauge per 420 km2). There is only one gauge (in the Palana River; three gauges are closed) north of the peninsula. There are only 8 operating gauges in the continental part of the Kamchatsky Krai now (6 of them are situated in the Penzhina River basin; 10 gauges are closed).



Regular monitoring of suspended sediment yield characteristics in rivers of the Kamchatsky Krai started in 1940. Observations were organized in the Kamchatka River (gauge Kliuchi) and the Avacha River (gauge Elizovo). A total of 16 gauges operated from 1960, 37 since 1970, and 53 since 1980. The average density of gauges was 1 gauge per 8760 km2 drainage area. The maximum density of monitoring stations was in the Kamchatka River basin, where 1 gauge covered 1530 km2 between 1940–2015. Between 1941–2015, suspended sediment yield monitoring was implemented in 69 stations. A total of 6 of them had only episodic data, and they were excluded from this study’s analysis. The duration of observations varied from 6 to 74 years for 63 selected gauges (see Figure 2b). More than half of the gauges (54%) were situated in river basins with catchment areas greater than 500 km2; hence, 46% were in river basins with areas less than 500 km2. A total of 20 stations with observations on suspended sediment yield currently operate in the territory (1 gauge per 23,000 km2 on average). The duration of observations of these gauges varies from 37 to 74 years.



Monitoring of water runoff and suspended sediment yields is implemented on stations according standard instructions on these characteristics’ measurements in dependence on river size and hydrological events on river (i.e., flood or low-water period), time scale also depends on season [59,60,61,62,63].




2.4. Methods


The representativeness [64] of all of the series of observations was evaluated, and even measurement periods as short as 6 to 10 years appear to be representative (probably the observation data hit into the water- and sediment-average period with absence of significant hydrological events). As a result, these data were used for defining water regime types and zones having similar suspended sediment yield characteristics.



The statistical characteristics for representative data were calculated by a method of moments [65]:


   Q 0  =  1 n   ∑   Q i      or    R 0  =  1 n   ∑   R i     



(1)




where Q0 is the mean annual water runoff (m3 s−1), Qi is the water runoff in i-year (m3 s−1), R0 is the mean annual suspended sediment flux (SSF, kg s−1), Ri is the suspended sediment flux in i-year (kg s−1), and n is the duration of observations in years.



The homogeneity of data on water runoff and suspended sediment yield was examined using Student’s t-test [66] and F-test [67]. These criteria demonstrate that the observations in most of the rivers in the Kamchatsky Krai are heterogeneous. Only the data ranges of maximum duration are relatively homogeneous. Generally, there is a tendency for suspended sediment yields to decrease in rivers of the Kamchatsky Krai, which coincides with changing water runoff.



The long-term trends of water runoff and suspended sediment yield variability were determined using a difference–integral curves analysis [68,69].





3. Results


The long-term fluctuations of water runoff and sediment yield are characterized by difference–integral curves. Increasing and decreasing trends of water runoff and sediment yield are connected with climatic changes associated with precipitation variability. Most Kamchatsky Krai rivers are characterized by two relatively long trends in water runoff and SSC fluctuations. Runoff and SSC increased from the late 1970s–early 1980s and then declined thereafter. This pattern in Kamchatsky Krai rivers appears to be independent of the basin area (the characteristics were studied for river basins with area from less than 10 to more than 50,000 km2).



Rivers in the northern (continental) part of the region appear to be characterized by two relatively long SSC trends. There was an increase of water runoff in 1957–1969, it appeared to be close to normal in 1970–1997, and then there was a subsequent decline in 1998–2010 (Figure 4a). These trends coincide with variations of precipitation. There was an increase in runoff between 1957 and 1974 and a subsequent decline between 1975 and 2010. Rivers in the western part of the peninsula display no long-term trends; water runoff and SSC increased from 1976 to 1981, appeared close to normal between 1982 and 1996, and declined after 1997 (Figure 4b). These fluctuations are synchronous with precipitation variability. The increase of water runoff and SSC was observed in rivers of the south-western region until the end of 1970s, to the beginning of 1980s; then, a decrease of these runoff characteristics was observed (Figure 4c). In the eastern part of the peninsula, water runoff and SSC increased synchronously between 1941 and 1977 and then subsequently declined (Figure 4d). In the central part of the peninsula (the Kamchatka River Basin), two phases of water runoff and SSC fluctuations occurred; reduced runoff was observed from the mid-1950s to the 1960s, followed by a period of increased runoff (Figure 4e). The long-term trends in river runoff and SSC described previously display substantial interruptions in response to volcanic eruptions (Figure 4f). The maximum increase in specific suspended sediment yield (SSSY) was measured in the Kamchatka and the Tolbachick Rivers after the major eruptions of the Bezymyanny (1956), Shiveluch (1964), and Plosky Tolbachick (1974–1975) volcanoes.



3.1. Zonal Types of Water Regime


Our analysis of hydrographs demonstrated the diversity of water regimes of rivers in the Kamchatsky Krai. Rivers of the region could by divided into rivers with a spring–summer flood period, spring–summer flood and flash floods in the warm period of the year, and a spring flood period and flash floods by runoff distribution within the year. All these types of water regime described below are only found in the northern hemisphere [15].



A spring–summer flood period is observed for all rivers flowing into the Pacific Ocean, the Bering Sea (from Lopatka Cape to Sivuchy Cape), the Ozernaya River flowing into the Sea of Okhotsk, and the Bolshaya River in the upper course. The mean elevation of their basins does not exceed 200 m. During the high discharge season, these rivers transport 50–75% of the annual river runoff. The maximum discharge exceeds the minimum one by 5–16-fold. This ratio reaches a maximum in low-water years and a minimum in high-water years. The duration of heightened water runoff and low water runoff is correlated as 3:5. On the basis of graphical hydrograph analysis [70,71,72], it was established that the main runoff source is underground water. The coefficient of natural water runoff overregulation is less than the mean value for the Kamchatsky Krai territory (0.4). The maximum water runoff coincides with the maximum of SSC. The distribution of sediment flux mainly coincides with water runoff distribution. The relative variability of SSFs exceed the similar value for water discharge approximately in two times. Rivers with this type of water runoff distribution are situated in the central, eastern and south-western hydrological regions (Figure 5). This type of water regime is widely spread in Scandinavian countries and across the Russian Federation territory and is also found in the western part of Canada (New Scotland peninsula and the north-western Appalachi) [15,73,74] due to the climate features (long cold period of 5–6 months) [75].



Spring–summer floods with flash floods are observed in rivers flowing into the Sea of Okhotsk (to the north from the Ozernaya River mouth) and the Bering Sea (to the north from the Sivuchy Cape). Basins of these rivers are situated in the West Kamchatka plain and on the west slope of the Sredinny Range and also in the northern (continental) part of the region. During the flood periods, powerful floods are formed there. The ratio of maximum water discharge and minimum water discharge depends on the water content during the year and varies between 4 and 40. The coefficient of natural water runoff overregulation is less than the mean value for the Kamchatsky Krai territory. The distribution of SSF coincides with water runoff fluctuations. The relative variability of SSF is less than water discharge variation for rivers in the northern region and can exceed it by more than 10 times (rivers in the Western region). Rivers with this type of water regime are distributed in the northern, western, and south-western hydrological regions (see Figure 5). In global scale, the similar type of water regime is only found in Norway and the Russian Federation polar regions [15,73,74,75].



Rivers with spring flood and flash floods are situated in the Western Kamchatkan and Central Kamchatkan plains and in the piedmont basins in the Eastern Volcanic region. Spring floods begin in the first ten-day period in April and end in the second part of May. Rivers with this type of water regime are not spread in the territory of the Kamchatsky Krai. They are characterized by domination of underground sources. The water regime of these rivers is characterized by a maximum irregularity of water runoff and ratios between maximum and minimum water discharges (it reaches its minimum during low-water years and its maximum during high-water years). These rivers are characterized by low discharge during the low-water period. The coefficient of natural water runoff overregulation is relatively small. In some years, rivers with this type of water regime become dry and freeze through. The relative variability of SSF exceeds water discharge variation by approximately two times. Rivers with this type of water regime are distributed in the south-western, central, and eastern hydrological regions (see Figure 5). This type of water regime is not widely spread all over the world [15].




3.2. Azonal Types of Water Regime


There are rivers with azonal types of water regime in the Kamchatsky Krai territory. Their origin is connected with influences of various types of natural regulation of water runoff. The unique type of water regime characterizes rivers with even water runoff distribution within the year (Figure 6, line 1). This type of water regime characterizes small rivers in the Kamchatka River basin (The Nikolka Pervaya River, and etc.). Groundwater is the predominant runoff source in these rivers [11], and its contribution is about 90%). Rivers with this type of water regime have been described only theoretically before, and there were no actual measurements. Now, they are placed into the L’vovich classification of water regime types [73,76]. The Nikolka Pervaya River is characterized by the minimum ratio between maximum and minimum water discharges, and the coefficient of natural water runoff overregulation reaches regional maximum (0.6). This type of water regime usually characterizes small river basins, but it has rather wide distribution all over the world. Rivers with even distribution of water runoff within the year are found in Central Europe, in a belt from southern Finland across to the north of the Caspian Sea [15].



Some of the Kamchatkan rivers have azonal type of water regime due to infiltration of weak-pressured ground waters into their channels. These rivers are characterized by high coefficients of natural water runoff overregulation (0.6), evenness of the runoff distribution (ratio between maximum and minimum water discharges is 4), and heightened values of water runoff. The example of such a river is the Goryachaya River (Figure 6, line 3).



The azonal type of water regime is observed in rivers with runoff controlled by lakes (Figure 4, line 4). Rivers flowing from the large lakes (e.g., the Kronotckaya River, the Ozernaya River) are characterized by small ratios between maximum and minimum water discharges (2–3). They have maximum relative duration of flood period (58%). The coefficient of natural water runoff overregulation is 0.5. This type of water regime is usually found in rivers controlled by lakes (the Nile immediately after lakes Victoria, Kyoga and Albert, rivers draining the Great Lakes of North America, and etc.) [15].



Rivers with a high percentage of wetlands are also characterized by high coefficients of natural overregulation of the river runoff (Figure 6, line 5). The unevenness of the runoff is rather high (ratio between maximum and minimum water discharges is 30–50, and during some years reaches 85), and it does not depend on water content during the year. The relative duration of the high-water period is minimum in rivers with this type of water regime (13% of the year).



Rivers draining territories of active volcanism also have azonal types of water regimes. This type of water regime is characterized by interchange of periods of surface water runoff presence and absence in river channels (Figure 6, line 2). Stable water runoff is observed only during periods of intense snowmelt and precipitation. Episodic discharge is connected with very high water permeability of friable volcanic deposits and extremely high infiltration rates of the surface runoff into channel deposits on volcanic flanks. The appearance of the surface runoff depends on water saturation of the underground rocks. Excess water moves in river channels in case of full saturation of the underlying rocks. Release of the water from the channel into storages lead to the intensification of infiltration and, as a result, a decrease of the surface runoff.



Therefore, the variability of the water discharges has a wave-like behavior in river channels on volcanic flanks. Collapses of the edge parts of glaciers, creation or destruction of temporary dams, channel processes, and ice phenomena all influence the water cycle between channel and hyporheic zone systems of water movement and variability of water discharges in the lahar valleys. There are three zones associated with water discharge variability [77]: (1) increase of water discharge in the channel; (2) invariability or insignificant change; (3) periodical decrease of water discharges to zero values as the consequence of surface runoff infiltration into the underlying rocks [78]. The first variant of the runoff characteristic variability dominates in sections of mountain channels, where rivers are fed from their sources. Water transits in the lower course. A decrease of slopes and flow velocities leads to intensification of infiltration into underlying water systems. High infiltration promotes rapid decrease of water discharge in the river channel near volcanic flanks. According to observations in the Kirgurich River and the Sukhaya Khalaktyrskaya River, channel transition losses of water discharge of 0.1–0.2 m3/s finish completely in section of 100–200 m.



Endogenous processes could cause anomalous water discharge changes during some years. Rivers have higher discharge rates during volcanic eruptions, leading to intense snow and ice melting. The phase of reduced water runoff appears to be due to the degradation of snowpacks and glaciers as one of the main feeding sources. Rivers with this type of water regime are widely spread in volcanic regions [43,45,79].





4. Discussion


4.1. Distribution of the Mean Annual Specific Water Runoff and Specific Suspended Sediment Yield


The Kamchatsky Krai territory was divided into various regions with the similar mean annual specific water discharge and suspended sediment concentration. Characteristics of the relief, precipitation distribution, and soil-vegetation cover were also considered to set the boundaries.



Rivers in the Kamchatsky Krai have one the highest discharge rates of all rivers in the Russian Federation. The mean annual river runoff is estimated to be 235 km3 or 6% of the total river runoff in the Russian Federation [80,81]. The mean annual specific water discharge is 16.1 L s−1 km−2. The Kamchatka River has the maximum runoff factor among large rivers in the Russian Federation (0.72). The zone of the greatest water runoff is situated in the southern part of the Kamchatka peninsula. The mean annual specific water discharge exceeds 50 L s−1 km−2 there and reaches 95.9 L s−1 km−2 in the Pauzhetka River basin. These values are close to some river basins in Alaska, Norway, south-east Asia, north and center of the South America [82]. The same specific water discharge is also observed in the Caucasus river basins, in the upper streams of the Yenisey and Ob’ rivers [74]. Lower values (20–50 L s−1 km−2, see Figure 1a) of mean annual specific water discharge characterizes rivers in the south-west and eastern coast of the peninsula. The same values are observed in the eastern coast of the USA, in a central Africa [82]. In the territory of the Russian Federation similar specific water discharge distribution is characterized the downstream of the Yenisey River [74]. Low specific water discharges (less than 20 L s−1 km−2, see Figure 1a) cover river basins in the west of the peninsula and in the continental part of the Kamchatsky Krai. Such values of the specific water discharge are observed in the north of the Russian Federation [74]. On a global scale they are in southeast Africa, northeast Canada, and in the main part of European river basins [82]. The minimum specific water discharge is observed in rivers in the west of continental part (rivers that do not exceed 10 L s−1 km−2, see Figure 2a). The maximum specific water discharge (269 L s−1 km−2) characterizes the Nikolka Pervaya River (the west tributary of the Kamchatka River in the middle course), which is fed by groundwater mainly. The distribution of specific water discharge in the Kamchatsky Krai territory is mainly connected with precipitation in region (see Section 2.2) while other factors have secondary influence. Described distribution of the mean annual specific water discharge is close to [83] global generalization, with a small deviation of 7–12%.



This distribution of water runoff does not coincide with the distribution of suspended sediment concentration (SSC). Regions with the lowest SSCs (≤10 mg L−1, see Figure 2b) are located in the southwest part of the peninsula, in the central part of the Central Range, and in the isthmus between the peninsula and the continental part of the Kamchatka Krai (see Figure 2b). They are characterized by areas with highly resistant rock types that appear impervious to high levels of precipitation. Erosion is also limited by the presence of substantial vegetative cover.



SSCs of 11–50 mg L−1 characterize the western and southeastern parts of the peninsula as well as the continental Kamchatka (see Figure 2b). Soils in these areas display relatively low levels of erodibility as long as the bedrock is resistant to erosion. Similar values are observed in the main part of the Russian Federation including vast Siberia [14]. In a global scale such distribution of suspended sediment concentration is observed in the west Australia, north Canada, and north-east Africa [84].



Considerable increases in SSC have been observed in the eastern regions of the peninsula where active volcanoes are situated. Such a high values of suspended sediment concentration are observed in mountain regions of the former USSR [14], in some regions in the east of the North America, south-west Asia, and central Africa [84]. SSCs decrease with increasing distance from volcanic zones. The zone of maximum SSC coincides with the location of the Kliuchevskoy volcanic group (see Figure 2b). Close to volcanoes, SSCs can exceed values of 105–106 mg L−1, and for some rivers, it reaches values >2·105 mg L−1 (the maximum measured value is 6·105 mg L−1). Such elevated SSCs are associated with easily erodible bedrock, maximum values of soil erosion, the absence of vegetative cover, and high levels of precipitation. The SSF associated with the slopes and flanks of active volcanoes actually depend on the number and magnitude of volcanic eruptions. The maximum SSFs in the Kamchatka River were observed after major eruptions. In a global scale this distribution is also close to [83] the global generalization, with a deviation of 7–25%.



The specific suspended sediment yield from the Kamchatsky Krai territory is 2.5 times less in comparison with average estimation for the World Ocean [85]. According to assessments of [86] the Kamchatsky Krai territory delivers only 0.23% of the total suspended sediment yield to the Pacific Ocean.




4.2. Hydrological Regions


There are 7 hydrological regions in the Kamchatsky Krai according to prevalent runoff source and water regime type. Five of them were determined in 1973, and the sixth region was marked out for the first time in this study—that is, the territory of the sixth and the seventh regions were joined before and considered as not studied (see Figure 5).



Analysis of water runoff hydrographs [70,72] demonstrates that the rivers of the northern hydrological region have snow that predominately feeds the rivers (60–70% of the annual river runoff), and this area is characterized by a spring–summer flood period and flash floods in the warm period of the year (see Figure 5I). Rivers of the western region have predominately underground sources (50–70% of the annual river runoff). This type of water regime is very close to group 4 in [15]. According to the authors of [73], this type is also observed in the upper Yenisey River. These rivers are characterized by a spring–summer flood period and flash floods in the warm period of the year (see Figure 5II). A similar hydrological regime also characterizes the Amur River in the upper and down streams, some rivers of the Primorsky Krai of the Russian Far East [73]. Rivers of the south-western region have combined sources (snow compounds 40–45, underground flow—35–45, and rain water—15–25% of the annual river runoff). The water regime of the rivers is characterized by a flood period and flash floods in the summer–autumn period (see Figure 5III). Rivers of the central region have predominately underground sources (50–70%); floods occur in the spring–summer period (see Figure 5IV). This type of hydrological regime is very close to group 3 in a global classification of hydrological regimes [15]. It’s also observed in some mountain river basins in the Caucasus mountains [73]. Rivers in the eastern region have predominately underground sources (50–70%). They are characterized by spring–summer floods and flash floods, which sometimes exceed maximum water discharges and levels of flood time (see Figure 5V). The similar hydrological regime characterizes the upper Ob’ River [73].



Regions VI and VII were previously not studied [8]. In 1980, in two rivers (the Karaga River, basin area is 1770 km2 and the Lyalaginvayam River, basin area is 262 km2) of the VI region, hydrological monitoring was started. Now, the available data allows us to reveal the main features of the hydrological regime of the region. The rivers are characterized by spring–summer floods and flash floods (see Figure 5VI). The coefficient of natural water runoff overregulation is 0.2–0.3 and is very close to the minimum values in the territory. The ratio between the maximum and minimum water discharges within the year varies from 11 to 221. Rivers have mixed feeding sources (with domination of underground and snow). These indicators are very similar with the IV hydrological region (see Figure 5).



According to a global classification of river regimes [15] there are only two hydrological regions in the studied territory. Their regime is close to hydrological regions II and IV (see Figure 5). L’vovich [73] divided five hydrological regions by various feeding sources and their distribution in the Kamchatsky Krai territory; they are close to [11]. Zaikov [75] only mentioned one type of hydrological regime in the region (the Tian Shan type; close to II hydrological region, see Figure 3) which is also observed in the mountain regions of the former USSR.





5. Conclusions


Rivers of the Kamchatsky Krai are some of the largest in the Russian Federation, and their runoff is about 6% of the total river runoff in the country. Most of the rivers in the region are characterized by two relatively long-term trends in water runoff and suspended sediment yield—that is, increases from the late 1970s to the early 1980s, followed by a subsequent decline (there is no dependence on basin area). Kamchatsky Krai can be divided into 9 specific water discharge (varies from less than 10 L s−1 km−2 to 269 L s−1 km−2 in the Nikolka Pervaya River basin) and 18 suspended sediment concentration (from less than 10 mg L−1 to values more than 105–106 mg L−1 [the maximum measured value is 6·105 mg L−1]) regions.



The existence of six hydrological regions in the Kamchatsky Krai territory were validated, given recent hydrometeorological data. They differ by their combination of various feeding sources, their ratios of characteristic water discharges, and their natural flow overregulation. Three types of zonal water regimes were described on the basis of these features and the duration of their high-water periods. The distribution of SSC mainly coincided with water discharge distribution within the year, and relative changes of SSC exceeded water discharge values.



Many rivers in the Kamchatsky Krai are characterized as having azonal types of water regime. These types appear as a consequence of natural flow regulation of zonal types of water regime. Some rivers in Kamchatka are mainly fed by groundwater. The coefficient of natural flow overregulation is heightened in rivers with wetlands in the basin area, flowing from large lakes, and fed by weak-pressed underground water. There are unique rivers draining volcanic flanks in Kamchatka. This type of water regime is characterized by a periodic extinction of the surface runoff and the consequent filling of channels by water in conditions of intense water cycle between channels and the underlying surface in lahar valleys.



The results of this study could be of wide interest to hydrologists, as it provides original and new information about variability and specific features of hydrological regime and sediment yield of rivers in the Kamchatsky Krai, which is difficult to access, in the current climatic conditions.
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Figure 1. Study region of the Kamchatsky Krai and rivers mentioned in the paper. 
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Figure 2. Distribution of monitoring stations measuring water discharge and specific water discharge (a) and suspended sediment yield and suspended sediment concentration (b) in the Kamchatsky Krai. Rivers: 1—Paren’, 2—Pakhacha, 3—Penzhina, 4—Avacha, 5—Talovka, 6—Tigil’, 7—Udova, 8—Asacha, 9—Bol’shaya Vorovskaya, 10—Bol’shaya (Bystraya), 11—Bryumka, 12—Phchyn, 13—Voyampolka, 14—Vyvenka, 15—Zhupanova, 16—Icha, 17—Kamchatka, 18—Kronotckaya, 19—Oblukovina, 20—Ozernaya, 21—Ozernaya, 22—Palana, 23—Khairyuzova. 






Figure 2. Distribution of monitoring stations measuring water discharge and specific water discharge (a) and suspended sediment yield and suspended sediment concentration (b) in the Kamchatsky Krai. Rivers: 1—Paren’, 2—Pakhacha, 3—Penzhina, 4—Avacha, 5—Talovka, 6—Tigil’, 7—Udova, 8—Asacha, 9—Bol’shaya Vorovskaya, 10—Bol’shaya (Bystraya), 11—Bryumka, 12—Phchyn, 13—Voyampolka, 14—Vyvenka, 15—Zhupanova, 16—Icha, 17—Kamchatka, 18—Kronotckaya, 19—Oblukovina, 20—Ozernaya, 21—Ozernaya, 22—Palana, 23—Khairyuzova.
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Figure 3. Duration of observations on monitoring stations measuring water discharge (a) and suspended sediment yield (b) in the Kamchatsky Krai. 
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Figure 4. Trends in water discharge (1, St1), precipitation (2, St1) and suspended sediment yield (3, St2) variability in the Penzhina River (Kamenskoe gauge, (a)), the Khairyuzova River (Khairyuzovo gauge, (b)), the Udova River (Rus’ gauge, (c)), the Avacha River (Elizovo gauge, (d)), the Kirganick River (Kirganick gauge, (e)), the Kamchatka River (Bol’shie Sheki gauge, (f)). 
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Figure 5. Distribution of hydrological regions in Kamchatsky Krai [11] and typical hydrographs and sedigraphs in these regions. Regions: I—Northern, II—Western, III—South-western, IV—Central, V—Eastern, VI—North-eastern, VII—not studied. 
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Figure 6. Relative variability of water discharges in rivers with azonal types of water regime. 1—the Nikolka Pervaya River, 2—the Kozel’sky River, 3—the Goryachaya River, 4—the Kronotckaya River, 5—the Bryumka River. 
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