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ABSTRACT


	On the Juneau Icefield, Alaska ice lenses and ice layers make up 5-15% of the entire annual accumulation layer volume in mid-summer.  In contrast on North Cascade, Washington glaciers in mid-summer ice lenses make up less than 0.1% of  the entire annual accumulation layer volume.


	Ice lens development  is critical in impeding snowpack percolation, ablation and runoff.  Ice lens formation requires the presence of cold-dry snow at the beginning of the melt season.  Snowpack temperatures in the North Cascades range from 0 to -1oC, versus -3 to -7oC in southern Alaska.  Threshold air temperature conditions that develop ice lens formation in the maritime Coast Ranges of the Pacific Northwest in North America are a mean winter season (Dec.-March) temperature below -7 to -8oC, and infrequent winter melt events.  This is the case in the Coast Ranges of southern Alaska and northern British Columbia, but is not the case in the North Cascades of Washington.    The transition from cold-dry snowpack to 0oC snowpack that does not allow ice lens development is identifiable using SAR  imagery.  Thus, areas or internal accumulation and retarded meltwater release can be identified readily.


INTRODUCTION


	The presence of ice lenses that can develop within glacier snowpacks have several important ramifications: 1) Slowing the percolation of meltwater downward through the snowpack, allowing deeper areas to remain below freezing for longer.  2) Retarding meltwater  movement through, and consequent meltwater release from, the glacier system. 3)  Refreezing of meltwater which in turn is now internal accumulation and can be an important aspect of glacier mass balance (Trabant and Mayo, 1985).   If climate warming prevented this internal accumulation from occurring , than this meltwater would be lost as ablation and the entire glacier would have a more significantly negative mass balance. 	


	During the course of annual mass balance studies on eight North Cascade by the North Cascade Glacier Climate Project (1984-present)(NCGCP), and 2 Juneau Icefield glaciers (1949-present 1996) by the Juenau Icefield Research Program (JIRP) crevasse walls and snowpits walls are used to determine annual snow accumulation.  Each crevasse or snowpit exposes the stratigraphy of the annual accumulation layers.  On the Juneau Icefield, Alaska ice lenses and ice layers make up 5-15% of the entire annual accumulation layer volume in mid-summer.  In contrast on North Cascade, Washington glaciers in mid-summer ice lenses make up less than 0.1% of  the entire annual accumulation layer volume. The observed difference in the magnitude of ice lenses development prompted this investigation of the threshold for ice lens development.  Is the  threshold dependent on mean winter temperature, frequency of winter melt and rain events,  spring ablation rates, and/or snowpack temperature at the end of the winter? 


	Bazhev (1986) noted that three processes occur when meltwater soaks into a glacier: 1. Cold infiltration- where meltwater is absorbed into a cold snow layer. 2. Warm infiltration- meltwaters percolating into snowpack with a temperature of 0oC, but which is not saturated with water.  3.  Filtration-percolation of meltwater into a snowpack whose pores are moisture saturated.  Only the first condition allows for initial refreezing and ice lens development.


	Colbeck (1976) noted that the percolation of meltwater into snowpack occurs without the formation of ice layers if the snow  has a cold content sufficiently small to be removed by the latent heat of the percolating and partially refreezing meltwater. Pfeffer and Humphrey (1996) noted that ice lenses form from internal refreeezing rather than freeze- thaw cycles propagating from the surface or from ice layers formed at the surface.  Thus, we need cold snowpack in the presence of meltwater to generate refreezing.   How cold does it need to be in the maritime Coast Ranges of North America to have ice lenses develop?


	 


NORTH CASCADE SNOWPACK CHARACTERISTICS


	The snowpack at the 1900-2100m level in the North Cascades in late July is  typically 3 m to 4.25 m thick.  Characteristically many individual storm stratum can be seen within the most recent annual layer.  The storm stratum may be a place of preferential ice lens development; however, in the North Cascades these thin layers are not icy crusts by early spring, even if initially they were a thin icy crust.   Ice lenses more than 0.01 m thick are present in only 2% of all the snowpits and crevasses examined during mid-summer accumulation measurements.  Eight snowpits and 27 crevasse stratigraphic measurements on Columbia and Lyman Glacier in April of 1996 indicated the presence of four ice lenses.  Each ice lens was marked and when observed again in July each ice lens still existed.   This demonstrates that though rare ice lenses had developed by early April, and are not the result of variable spring or summer ablation rates.  This also suggests that ice lenses do not develop during the winter and then via spring percolation lose their character.  


	The lack of ice lenses is persistent regardless of slope, orientation, and altitude from 1500 m to 2800 m (Pelto, 1996).   More than 60 snowpit temperature measurements on Lyman Glacier and Columbia Glacier in the North Cascades yield minimum snowpack temperatures in March of -1oC, but 53 of the measurements were 0oC.    By early April the entire snowpack is at 0oC.  Temperatures must  be significantly below freezing within the snowpack to generate substantial refreezing (Colbeck, 1976), and this is not the case in the North Cascades.   


	On Lyman Glacier at 1950 m average winter air temperatures is -6oC (USDA snotel data from the adjacent Lyman Lake).  At South Cascade Glacier at 1600m average winter temperatures are -4oC (Krimmel, 1993-1996) (Table 1).  On Columbia Glacier at 1500 m, NCGCP  maintained daily temperature records during several winters 1987-1989, the mean was -3oC.  Another important factor reflected in the temperature record is the frequency and intensity of melting events.  From December 1-March 1 the number of melt event days (temperature maximum above 3oC)  on Lyman Glacier (snotel site) is 11 days and on South Cascade Glacier is 13 days (Krimmel, 1993-1996).   These events provide critical meltwater that is either refrozen as ice lenses if the snowpack is cold enough, and to warm up the snowpack to 0oC via release of latent heat and percolation. Thus, there are days in which the some melting results occur during most winter weeks on North Cascade glaciers, preventing the snowpack from remaining either dry or cold.  





JUNEAU ICEFIELD SNOWPACK


	 On the Juneau Icefield the average snowpack at the 1100-1200 m level and 1500-1700 m level is 2.75 m and 4.00 m thick respectively in mid-July (Pelto and Miller, 1990).  The entire annual snowlayer is at 0oC by the the end of June in 1951, 1952, 1958, 1961,  and 1962  (Miller, 1963; LaChapelle, 1954).  Snowpack temperature measurement in March on Lemon Glacier indicate minimum temperatures between -3 and -4oC (Miller, 1972).  At 1100 m on the Taku Glacier January-March snowpack measurements  ranged from -4 to -7oC (Miller, 1963). In April on Wolverine Glacier, which is a maritime glacier in southern Alaska April snowpack temperatures are at -4 to -6oC (Krimmel et al., 1973). Snowpack temperatures on glaciers in southern Alaska during the latter part of the accumulation season when meltwater percolation begins is thus, significantly below freezing.  This allows for substantial refreezing.


	 LaChappelle (1954) noted that ice lenses were absent in the lowest two snowpits  of his 1952 survey at 600 m and 730 m, but multiple lenses were present at each site from 850 m to the high point of 1800 m. Examination of snowpack and crevasse stratigraphy in 1952, 1966 and 1984 along profiles on the Taku Glacier from 600 m to 2000 m indicates that ice lenses are consistently rare below 1000 m, and increasingly common as altitude increases up to 1800 m (LaChapelle, 1954, Miller, 1963).  Above 1800 m ice lens development appears consistently high.Every year JIRP completes several snowpit stratigraphic profiles through the annual snowpack at 1000 m, 1100 m,  1500 m, and 1800 m.    


	Annual ice lens development (1949-1995) has been substantial at each of the locations in each except for in 1977 and 1981 at 1000 m, in each of these years mean December-March temperatures were more than 2.0oC above the long term mean in Juneau.  Climate observations taken during winter field seasons at this altitude on the Taku Glacier and at nearby weather stations document that the mean temperature at this elevation is -9 to -11oC.  Mean air temperature measured on the Taku Glacier during the winters of 1951-1953 yielded a mean of -9o C (Miller, 1963), which agrees with the Juneau radiosonde data for that altitude. Mean winter (December-March) air temperatures at Lemon Glacier at 1280 m averages -10oC.  The normal formation of ice lenses was disrupted when mean winter temperature rose above -8oC suggesting that the threshold for ice lens development on the Juneau Icefield is below -7 to -8oC.   Air temperatures measured each winter at Wolverine Glacier yield a December-March average of -7oC at 990 m and the glacier equilibrium line altitude (ELA) is at 1150 m.  Ice lens formation on Taku Glacier is limited more than 150 m below the ELA.  Air temperature at the ELA on Wolverine Glacier is certainly below -8oC.   The North Cascade glaciers where mean winter temperature is -3 to -6oC do not have ice lenses due to the lack of cold snowpack which does not endure at these temperatures.  Thus, the mean air temperature threshold for development on maritime alpine glaciers is between -6 and -8oC.


	From December 1-March 1 the number of melt event days (temperature maximum above 3oC) on Lemon Creek Glacier is 2 days.  Winter snowpack ablation and meltwater percolation is then limited on much of the Juneau Icefield.  As the spring melting ensues into the dry cold snowpack ice lenses develop.  The frequency of melt events is the a significant difference, between the ice lens rich Juneau Icefield and the ice lens poor North Cascades.  This is probably a more important characteristic than mean air temperature, though mean air temperature does partially reflect the frequency of daily maximums exceeding 3oC.


	It has been noted that ice lens have developed by April but continue to grow as late as early July (LaChapelle, 1954; Leighton, 1952).  Leighton (1952) Repeatedly observed the development of these ice lenses during the March-June period on the Taku Glacier.   The ice lenses have developed by the start of the true ablation season, May 1, thus, they are not caused by though they can be affected by higher spring and summer ablation rates.  


	The shielding effects of ice lenses on the underlying snow layers was first noted and examined in detail by LaChapelle (1954) and Leighton (1952).  They repeatedly observed that layers of snow below the lenses retained more of their winter hardness and grain character.  The shielding is extensive given the frequency and lateral extent of the ice lenses, and thus is important in reducing ablation rates, by slowing the warming of the snowpack, and causing meltwater to reaccumulate as ice lenses.  The entire mass balance of the glacier is then affected by the process of ice lens development (Trabant and Mayo,1985), which only occurs after the threshold conditions of ice lens development are met.  Ice lenses comprised on average 11% of the snow water density in snowpits between 1000 m and 1200 m on the Taku Glacier between 1952 and 1984.  This indicates that internal ice accumulation is a significant part of the total glacier balance, and is recaptured meltwater.  Internal accumulation does not occur significantly on North Cascade glaciers.  


	Smith and others (1997) used ERS-1 SAR  imagery to note the changing signal patterns from snowpack on an icefield in northern British Columbia.  SAR’s sensitivity to liquid water allows mapping of patterns of snow melt and snow facies (Donald, 1993; Rott and Matzler, 1987).  Smith and others (1997) noted during the winter months uniformly high backscattering values of -3 to -7 dB regardless of time or elevation,  indicative of the backscatter intensities from cold-dry snow.  The areas where melting had begun had values of -11 to -22 dB.  By early April 1992 and 1993 the dry snow zone was limited  to areas above 1000 m.   Combined with local air temperature and snowpack measurments they concluded that this transition in backscattering demarked the dry-cold snow zone, from the melting zone.  This line according to climate data approximated the 0oC isotherm.  By May 15 the dry snow zone had risen to at least 2200m (Smith and others, 1997).  The Stikine Icefield snowpack is rich with ice lenses, providing another illustration of the importance of maintaining dry-cold snow for ice lens development.





CONCLUSION


	Ice lens development  is critical in impeding snowpack percolation, ablation and runoff.  Ice lens formation requires the presence of cold-dry snow at the beginning of the melt season.  Threshold conditions that develop ice lens formation in the maritime Coast Ranges of the Pacific Northwest in North America are a mean winter season temperature below -6 to -8oC, and infrequent winter melt events. This is the case in the Coast Ranges of southern Alaska and northern British Columbia, but is not the case in the North Cascades of Washington.  The resulting delay in the onset of significant glacier runoff from the snowpack is a 2-3 week delay in Washington (Pelto, 1996) and a four to six week delay in Alaska Smith and others (1997).


	 Examination of late winter, early spring snowpacks using SAR can distinguish dry-cold snowpacks conducive to ice lens formation.  To fully utilize SAR for glacier runoff modeling or glacier mass balance assessment calculations, further examination of the consistency of the ice lens development threshold determined in this study is needed.  In particular for applicability to other climate settings.  


	It is important to note that the process of internal accumulation if interrupted by climate warming will significantly affect glacier mass balance where it currently occurs.  A glacier that is in equilibrium today with 5-15% internal accumulation without internal accumulation, as was the case in several observed years since 1949 on the Juneau Icefield, would have a significantly negative mass balance.  








Glacier                   Mean Air         Mean Snowpack   Melt Event


                              Temperature      Temperature            Days


Lyman, WA�
-6oC�
0oC�
11�
�
South Cascade, WA�
-4�
0�
13�
�
Columbia, WA�
-3�
0�
16�
�
Lemon, AK�
-10�
-3�
2�
�
Taku, AK�
-9�
-6�
3�
�
Wolverine, AK�
-7 �
-5�
3�
�



Table 1.  Mean winter snowpack and air temperatures at selected glaciers sites.  Melt event days occur when mean daily temperature exceeds +3oC
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FIGURE CAPTIONS


Figure 1:  View of crevasse in North Cascades indicating the lack of ice lenses.  Several annual hard dirty layers are visible.  This current picture will be replaced with a much better one to follow in several days.





Figure 2.  View of neve zone on Taku Glacier, Alaska where many of the measurements have been made.  As long as internal accumulation of meltwater occurs via refreezing this glacier will continue to have a positive mass balance.
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