Northeastern Asia: projection of mountain glacier systems based on AOGCM scenario
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In this study we consider contrasting continental (Orulgan, Suntar-Khayata and Chersky ranges located in the Pole of Cold Area at the contact of Atlantic and Pacific influences in Siberia) and maritime (Kamchatka under the Pacific influence) Russian glacier systems.

Our purpose is to present a simple method for the projection of change of the main parameters of these glacier systems with climate change. To achieve this aim, reconstructed vertical profiles of mass balance (accumulation and ablation) based both on meteorological observations for the mid to late 20th century and an ECHAM4 GCM scenario for 2040–2069. The observations and scenario were used for defining the recent and future equilibrium line altitude (ELA) for each glacier system. The altitudinal distributions of the areas covered with glacier ice were determined for present and future states of the glacier systems, taking into account the correlation of the change of the ELA and glacier-termini levels. We also give estimates of the possible changes of the areas and morphological structure of North-eastern Asia glacier systems and their mass balance characteristics from the ECHAM4 scenario. Finally, we compare characteristics of the continental and maritime glacier systems stability under conditions of global warming.

Our approach involves 1) the projection of the ELA because on this level it is possible to reconstruct accumulation by calculated ablation due to their equity here, and 2) the glacier termini level because it is correlated to the ELA change. The projected ELA can be obtained as a value of the balance profiles cross-section for glacier systems. 

The projection of glacier change, not only for individual glaciers but also for groups of them (glacier systems), is a very important goal of global environmental change studies (e.g. Dowdeswell and Hagen 2004). The term “glacier system” is considered as a set of glaciers united by the joint links with the environment: the same mountain system or archipelago and similar atmospheric circulation patterns; the glaciers are related to each other usually by parallel links from atmospheric inputs and topographical forms to hydrological and topographical outputs, and demonstrate common spatial regularities of the regime and other features. In this paper we present a simple method for prognosis of change in glacier systems’ parameters and the application of this method for the region of Northeast Asia. From the glacier systems of NE Asia we have chosen to study the continental glacier systems of North-eastern Siberia – Orulgan (a part of Verkhonyansk Range in Figure 1), Suntar-Khayata and Chersky ranges – and the marine glacier systems of Kamchatka – Sredinniy, Kronotsky ranges, Kluchevskaya, Tolbechek, Chiveluch volcano groups, etc (Figure 1, Table 1). Observations of both these glacier regimes are available only for one or two benchmark glaciers, so we used the data from The USSR Glacier Inventory (1965–1982), which was based on remote sensing data of these regions’ glaciers (Orulgan Range – 1958, 1963; Suntar-Khayata Mountains – 1945, 1959, and 1970; Chersky Range – 1970s, Kamchatka – 1950). Northeastern Siberia has undergone both winter and, to a lesser extent, summer warming since around 1960 until present, as well as the intensification of cyclonicity and precipitation (Ananicheva et al., 2003; IPCC, 1995). Due to these climatic tendencies the proportion (and amount) of solid precipitation here is increasing (Ananicheva and Krenke, 2005). Significant warming is also observed in Kamchatka (Shmakin and Popova, 2006).

As a result of the ECHAM4 scenario, we obtained the following projected assessments of the ELA change. The shift upward of the ELA altitude, (Hela, is less in northern parts of Northeastern Siberia than in the south (230m as against 500m in the south). In Kamchatka (Hela as a rule is more significant and depends on precipitation rate. The largest (Hela (up to 1210 m) was found in the south of Ichinskiy Volcano, located in the “rain shadow” of the Sredinniy Range (Table 1). The change in glaciated area is anticipated to range from a complete disappearance of some minor glacier systems, to the preservation of 70% of the present area (Kluchevskaya volcano group) and 50% of contemporary glaciated area (Shiveluch and Tolbachek volcanoes). Under the warming scenario as calculated by our approach, glaciers will not be present in southern systems of Northeastern Siberia – southern knots of Orulgan glaciation and the Suntar-Khayata Mountains, on the Sredinniy Range of Kamchatka and around Ichinskiy Volcano. Those glaciers covering the volcanoes of southeast Kamchatka and receiving intensive nourishment due to the elevation of the peaks and proximity of the Pacific Ocean would preserve more than 40% of their area.

As for the intensity of mass exchange at the ELA, we can expect the following changes in ablation and accumulation during the projected period compared with the baseline period. (A,C at the ELA is greater for Northeastern Siberia on the north of the Orulgan, Chersky, and Suntar-Khayata ridges, where precipitation due to warming will grow (Orulgan derives moisture from the Atlantic; the Chersky, while Suntar-Khayata ridges also receive moisture from the Pacific Ocean) – from 200 to almost 500mm (accumulation=ablation at the ELA). In glacier systems of Kamchatka only the Kronotsky Range and volcanoes of the South-east part of the peninsula are characterized by high A,C at the ELA – from 200 to 450mm (these are areas of plentiful precipitation, and despite the solid precipitation portion being reduced during warming, it would still be a large absolute value). In the rest of the Kamchatka systems (A,C will range from 30 to 150mm as a result of reduced snow nourishment because of strong warming. The glaciers of the Shiveluch Volcano attain negative A,C values at the ELA due to a rather abrupt decrease of the solid-precipitation fraction. 

Judging from the glacier-balance averages both for the baseline and projected periods, the glacier systems have different sensitivities to current climatic conditions and predicted future climate change. Under a constant climate, when glacier mass balance is close to zero, the glacier will not change; but assuming the same constant climate, if mass balance is positive the glacier will expand, while if it is negative it will shrink. The balance trend, stability or change, and its sign are controlled by climatic conditions. A glacier can “keep up” with climate change – in this case its balance also remains near zero as well as consistent with climate. Among the glaciations considered, only that of the Chersky Range has been in this state during the baseline period. Glaciers of the Orulgan, the western slope of Sredinniy Range, the Kluchevskya Volcano group and Tolbachek in Kamchatka were growing at that time. The rest have already retreated.

For the 2040–2069 period the northern knot of Orulgan glaciers and glacier of the Kluchevskya and Tolbachek volcanoes are predicted to come into equilibrium with climate. Despite the intensive warming scenario, the Chersky glaciers will still be consistent with climate: this is due to a combination of elevation, relief forms and corresponding glacier morphology and regime, leading to their quite slow movement and change. Glaciers of the Sredinniy and Kronotsky ranges, Shiveluch and southeast Kamchatka volcanoes will undergo accelerated retreat and provide evidence of a time lag when compared with the warming rate. 
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Figure and Table legends

Figure 1. The map of the region studied.

Table 1. Change of the glacier systems characteristics in Northeastern Siberia and Kamchatka Peninsula up to the middle of the 21st  century (2040-2069 years)
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Figure 1. The map of the region studied.

Table 1. Change of the glacier systems characteristics in Northeastern Siberia and Kamchatka Peninsula up to the middle of the 21st  century (2040-2069 гг.).  A – basic period.  B – projected period.
	Glacier system
	The shift of (Нela 
(from basic to project. period), 

m
	The elevation range of the glacier system, m
	Glaciated area,

km2, %


	Ablation –accumula-tion at the Нela, mm
	Balance, cm/year


	
	
	A
	B
	A, km2
	B, km2 (%)
	A 
	B 
	A 
	B 

	NE Siberia

	Orulgan Northern Knot
	250
	750
	400
	7
	2(27)
	740
	1230
	23
	0

	Orulgan Southern Knot
	500
	760
	0
	12
	0
	580
	0
	14
	      -

	Cherskiy –Erikit knot
	320
	700
	200
	7
	1 (10)
	710
	1020
	  7
	0

	Cherskiy-Buordakh
	300
	1640
	1280
	63
	18(29)
	700
	1050
	- 2
	-11

	Cherskiy-Terentykh
	300
	1520
	1180
	28
	8 (29)
	720
	1130
	  2
	+ 6

	Suntar-Khayata, North
	350
	1080
	520
	111
	26(23)
	620
	850
	-26
	-70

	Suntar-Khayata, South
	500
	1110
	60
	22
	0,4(2)
	460
	650 
	-40
	-30

	Kamchatka

	Sredinny Range
Eastern Slope
	600
	2850
	2160
	124
	24(20)
	1430
	1460
	-44
	-170

	Sredinny Range

Western Slope 
	570
	1900
	1330
	264
	55(21)
	1430
	1470
	20
	-44

	Shiveluch Volcano
	600
	3240
	2720
	30
	16(52)
	1160
	1080
	-36
	-50

	Kluchevskaya Group
	420
	3950
	3660
	124
	85(69)
	1000
	1100
	31
	-4

	Tolbachek Volcano
	580
	3085
	2680
	70
	33(47)
	1200
	1350
	50
	+3

	Tumrok & Gemchen ranges
	430
	1020
	0
	11
	0
	1710
	0
	-81
	-

	Khronotsky Range
	510
	1150
	260
	91
	9(10)
	3350
	3800
	-48
	-116

	Valaginsky Range
	610
	1000
	0
	9
	0
	1400
	0
	-40
	-

	Volcanoes of South-Eastern Kamchatka
	300
	2660
	2340
	34
	14(41)
	1350
	1550
	-44
	-60

	Ichinsky Volcano
	740
	2080
	780
	29
	6(22)
	1510
	1550
	17
	+3

	Ichinsky Volcano* 
	1210*
	  2080
	0
	   29        
	0
	1510
	800*
	 17
	-


*with account of blow-out from the slopes
