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PREFACE 

This report comprises eight chapters arising from work accomplished as 

a result of NSF grant ATM80-17745 and l ogistical support from the Polar 

Contiental Shelf Project, Ottawa. Each chapter should be considered as a 

preliminary report and may be revised prior to publication in refereed 

journals. 

Fieldwork on northeastern Ellesmere Island, N.W.T., Canada was carried 

out in the su~ners of 1981, 1982 and 1983. 

The work had several objectives: 

1. To provide further information on the timing and extent of 

glaciation on northeastern Ellesmere Island to help resolve 

differences between conflicting models of High Arctic glaciation 

(England 1976; England and Bradley, 1978; Denton and Hughes, 

1980). 

2. To study sediments from low elevation coastal lakes to provide 

information on the glacio-isostatic history of the area and on 

post-glacial environmental changes. 

3. To monitor the mass balance of low elevation ice caps and to assess 

their ability to modify local climate, thereby enhancing prospects 

for survival. 

4. To examine precipitation events in the Canadian High Arctic to 
I 

understand contemporary climatic conditions favoring increased 

glacierization of the area, and to understand better the meaning of 

ice core isotopic records from the High Arctic. 

The chapters presented herein represent the princ~pal results of our 

work on these objectives. In addition, the following publications have 



- 6 -

also arisen from work accomplished on the project: 

England, J., 1983: Isostatic adjustments in a full glacial sea. 

Canadian J. Earth Sciences, 20, 895-917. 

Stewart, T.L. and England, J., 1983: Holocene sea-ice variations and 

paleoenvironmental change, northernmost Ellesmere Island, N.W.T., 

Canada. Arctic and Alpine Research, 11, 1-17. 

Young, M. and Bradley, R.S., 1984: Insolation gradients and the 

paleoclimatic record, pp 707-713 in: Milankovitch and Climate, 

Vol. 2 (Berger, A.L., Imbrie, J., Hays, J., Kukla, G. and Saltzman, B. 

eds.) D. Reidel, Dordrecht. 

Considerably more detail on topics discussed in this report may be found 

in the following theses: 

Retelle, M.J., 1985: Glacial geology and Quaternary marine and 

lacustrine stratigraphy of the Robeson Channel area, northeastern 

Ellesmere Island, N.W.T., Canada. Ph.D. Geology, University of 

Masschusetts, Amherst, 229 pp. 

Serreze, M.C., 1985: Topoclimatic studies of a small, sub-polar ice cap 

with implications for glacierization. M.S. Geography, University 

of Massachusetts, Amherst, 201 pp. 

Palecki, M.A., 1984: Atmospheric boundary layer observations on a plateau 

in the Canadian High Arctic. B.S. Physics, Senior Honors Thesis, 

University of Massachusetts, Amherst, 125 pp. 
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GLACIAL GEOLOGY AND QUATERNARY HARINE STRATIGRAPHY 

OF TIIE ROBESON CHANNEL AREA, 

NORTHEASTERN ELLESMERE ISLAND, N.W.T., CANADA 

Hichael J. Retelie, 

University of Massachusetts, Amherst. 

Abstract 

Glacial and marine deposits associated with two phases of 
glaciation are exposed along a 60 km corridor on Ellesmere Island 
that borders Robeson Channel. The oldest sediments, tentatively 
dated at l 80,000 E.P. \vere deposited during a major advance of the 
northwest Greenland Ice Sheet across Robeson Channel. During 
subsequent retreat of this ice mass, glaciomarine sediments 
containing a high arctic macro- and microfauna, were deposited in 
the isostatic downwarp on Ellesmere Island. This marine unit was 
radiocarbon dated at 31,300 + 900 and >32,000 B.P.; amino acid 
ratios (aile/Ile) are 0.207; .02 and 0.062 for the free and total 
hy~rolysate fractions. -

The ice advance during the lnte \·:isconsin to early ~olocene 
did not extend into the field area from either interior Ellesmere 
Island or northwest Greenland. The ice marginal sea trnns;ressed to 
the marine limit (ca. 116 m) and overlapped the deposits of the 
previous maximum Greenland advance. Local plateau ice caps did 
however, spill over into one major valley and delayed the 
establishment of the marine limit in this location. Radiocarbon 
dates on Holocene marine limit shorelines indicate initial 
emergence between 8000 and 8600 B.P. Amino acid ratios were not 
detectable in the free fraction and 0.037 ± .04 in the hydrolysate 
fraction. 

Correlation of these units \lith other arctic sequences 
demonstrates similar early maximum icc extents and subsequently 
more restricted ice advances. The chronolOGY for the Robeson 
Channel area supports a model for limited last ice extent that is 
non-synchronous with mid-latitude ice sheet expansion. 

Introduction 

During the field seasons of 1981 and 1982, a mapping program 

was conrlucted along 3 60-km corridor bordering Robeson Channel, 

northeastern Ellesmere Island, N.W.T., Canada (Fi3. 1). Because of 
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the proximity of this coastal zone to northwest Greenland, it is an 

ideal location for a study of the interaction between the northwest 

Greenland Ice Sheet and various ice masses originating on 

northeastern Ellesmere Island. In particular, the field site is in 

a critical location for evaluating proposed models of the timing 

and extent of glacial ice masses during the last glacial maximum. 

An extensive ice sheet coverin~ the Arctic Ocean and the !Iigh 

Arctic islands has been proposed by Eughes, Denton, and Grossvald 

(1977). A dome of this ice sheet termed the Innuitian Ice Sheet 

(Blake, 1970) is thought to have covered the Queen Elizabeth 

Islands and merged with northwest Greenland ice over Nares Strait. 

In contrast, another model proposes far less extensive ice cover 

during the last glacial maximum. Over the Canadian iligh Arctic, 

this latter model proposes a non-contiguous ice cover ter~ed the 

Franklin Ice Complex (England, 1976b) where ice cover is restricted 

to highland and plateau centers with extensive intervening ice-free 

areas. According to the 11 li8ited ice" model, Greenland and 

Ellesmere ice masses were approximately 100 km apart at the height 

of the last glacial. Previous 3laciations were, however, more 

extensive. ~orthwest Greenland ice advanced across Robeson Channel 

onto the Ilazen Plateau of northeastern Ellesmere Island sometime 

prior to 80,000 B.P.(England and Bradley, 1978). Ice from the 

interior ranges of northern Ellesmere Island advanced eastward to 

Robeson Channel and crosscut, at lower elevations, the deposits of 

the previous r.Jaximum Greenland advance. Glaciers terminateri in 
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fiords and formed ice-shelf moraines at 175 m asl (England et 

al.,l978). This advance has been radiocarbon dated at >28,000 to 

>30,000 B.P.; amino acid ratios suggest a 2 35,000 B.P. age for 

this advance (England et al., 1931). The last advance of Ellesmere 

Island ice was 2rior to 8000 B.P. and was more limited than the 

previous two periods of glaciation. Older deposits along the co 

astal zone were not overridden by this advance, as an ice-free 

corridor existed between the northwest Greenland Ice Sheet and 

interior Ellesmere Island ice. Ilolocene marine limit shorelines 

were cut into the till and bedrock at elevations of 90 to 120 m. 

Deepwater fossiliferous silts were deposited on the unglaciated 

forelands at the glacial maximum be tween ca. 12,000 and 3000 B.P. 

Present Study 

Field work was conducted along Robeson Channel in four major 

valleys and basins, from Lincoln Da y in the north to a large open 

basin, informally referred to as Sout l1 Basin, located 5 km north of 

St. Patrick Bay, at the southern limit of the field area (Fig. 1). 

The four valleys, South Basin, Beaufort Lakes, Wrangel Bay, and 

Lincoln Bay, are inc~scd into the eastern margin of the Hazen 

Plateau whicl1 is predominantly underlain by the lower Paleozoic 

brown to gray-brown-weathering sandstone and flysch sequence of the 

Imina Formation (Trettin, 1971). Locally, the Imina Formation is 

unconformably overlain by poorly consolidated Tertiary sandstones 

and siltstones correlative with the Eure!~a Sound Formation (Miall, 
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1982), which in several areas contains coal deposits. The Hazen 

Plateau is flat to gently rolling along its broad plateau summits; 

but structurally controlled northeast trending valleys and those. 

perpendicular to this trend incised the eastern edge of the plateau 

to depths up to 600 m. The plateau presently supports several 

small ice caps, and in the past has supported more expanded plateau 

ice masses. Two relatively flat, thin ice caps northwest of St. 

Patrick Bay are found at elevations above 800 m. :lorainic deposits 

and meltwater channels indicate previously greater extent for these 

ice masses. The Hazen Plateau terminates to the west against the 

Grant Land ~ountains, which exceed 2000 n in elevation and serve as 

a present-day accumulation area for coalescins mountain valley 

glaciers. 

The plateau surface is mantled by rubbly tills (fror.1 various 

sources),landforms of ice-contact origin, and materials derived 

from per::1afrost action. In the valleys, \vaterlain c!eposi ts of 

glaciofluvial, glaciolacustrine, and glaciomarine ori~in are found. 

In the following sections of this report, field evidence for 

several episodes of glaciation and related c.arine transgressions in 

the Robeson Channel area •..:ill be presc:1ted. 'l.,he raciioc3rbon ,:1nd 

amino acid chronology of these deposits supports correlations with 

similar glacial-nnrine sequences in the hi:~h latitude regions. 
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Glacial Geology And Quaternary ~arine Stratigraphy 

The chronology of glacial advances and related marine 

transgressions in the Robeson Channel area was determined as 

follows: 

1) Maximum advance of the northwest Greenland 

Ice Sheet onto Ellesmere Island, covering the 

coastal plateau summits and exte~ding inland 

at least 20 ko. No evidence of any 

subseque~t advance by Greenland ice was found 

in the area. 

2) Durin~ retreat of this ice mass, 

ice-dammed preglacial lakes v;ere farmed on

the upland plateau and also in the recently 

deglaciated valley between Urangel Bay and 

Beaufort Lakes. In the \.1rangel P.ay area, the 

retreating valley ice lobe '.vas in contact 

with the sea. Fossiliferous marine ~eposits 

extended from above the liolocene marine lirnit 

to a prominent shoreline at 286 m. 

3) During the last glacial maximum, ice stood 

on the Ha~en Plateau approximately 30 km to 

the northwest (England, 1983). A small 

plateau ice cap, however, expanded into 

Lincoln Bay approximately 7 km inland from 

the coast. At the glacial maximum, the sea 
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transgressed to an elevation of 116 m in 

South Basin, Beaufort Lakes and Wrangel Bay. 

In outer Lincoln Bay, sea level reached at 

least 100m (minimum estimate); inner Lincoln 

Bay was occupied by ice during this 

transgression. When ice receded, marine 

waters extended into inner Lincoln Bay. 

Evidence for each sta8e of this chronology is detailed in the 

ensuing sections. 

Stage 1, :·iaximun Advance of :·lorthwest Greenland Icc She~t. 

Distinctive red granite, red granite gneiss, and other 

crystalline erratics were mapped in the coastal zone and found to 

be widely distributed on coastal summits and in the interior 

plateau (Fig. 2). Christie (1967) mapped granite and gneiss 

erratics on Judge ~aly Promontory and in several locations on the 

eastern Hazen Plateau. Christie points out that outcrops sinilar 

to these litholosies have been napped in the Thule area and on 

Inglefiled Land further south in 1 .. :est Grcenlnnd, though for these 

areas to serve as a source for the erratics would imply that a 

trunk glacier flowed northward alonE Kenneriy Channel at sane time. 

As these erratics are also found in moraines bordering Polaris 

Promontory, it has been su3gestcd that they may have been derived 

from beneath the present ice cover of the Greenland Ice Sheet 

(Davies, 1963). !.t the present time the exact source of these 
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erratics is not known; however, in this paper, the red granite and 

granite gneiss lithologies will be referred to as "Greenland 

erratics''. Figure 2 shows the distribution of these distinctive 

erratics that overlie the Imina Formation. On a peak south of 

South Basin, erratics were found at elevations up to 670 n and up 

to almost 600 m at a location south of Wrangel Bay. Erratics were 

also found at locations up to 15 km inland from the coast. While 

traverses conducted during this study were not done beyond 10 to 15 

km of the coast, Christie (1967) believes that the hypothesis of 

Taylor (1956), that Greenland ice advanced over the entire Hazen 

Plateau, is not justified. Rather, the advance of Greenland ice 

onto Ellesmere Island and possible confluence with interior and 

plateau ice, was probably limited to the eastern fringe of the 

plateau. 

Stage 2: Recession of Grsenland Icc. 

The earliest recession of Greenland ice from Ellesmere Island 

is seen in high-level kames and meltwater channels located on the 

upland plateau surface. Both features contain aJundant red 

crystalline erratics. The ice-contact features, kames and ~amc 

terraces, are found at elevations up to 415 m on the uplnnd slopes 

to the west of South Basin. 1:!!1en Greenland ice retreated tO\·iards 

Robeson Channel, it was probably confluent with a plateau ice cap 

or ice from the interior r::ountains. As the tHo ice masses 

separated, an ice-dammed preglacial lake ~as formed between them. 
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A large delta (Figs. 3 and 4), consisting of several levels of 

delta plains, was fed by a meltwater stream issuing from an 

Ellesmere ice source. Lithologies of Hazen Plateau rock types were 

found in abundance on the topset plains of the deltas. The 

elevations of the frontal edge of these deltas ranged from 393 to 

397 m. The delta was constructed into a small lake, held in by ice 

to the east. The ice frontal position to the east is shown by a 

kame-moraine topography that trends parallel to the delta front (m 

on Fig. 3). Fine laminated sands and silts at the toe of the delta 

lacked fossiliferous material. 

As Greenland ice continued to downwaste, ice flow became 

confined to the major valleys. Lobate ice margins of this stage 

are defined by lateral and end moraines and kame terraces in the 

valley of Wrangel Day and in the Beaufort Lakes basin (Fig. 5). 

All features contain abundant Greenland-type erratics. 

When the terminus of this lobe was in upper Wrangel Bay 

valley, it was probably in contact with the sea. Segments of an 

end-moraine loop (m in Fig. 5) lie adjacent to a marginal r.1el t•,..rater 

channel that grades to the east. Adjacent to this terr.1inal 

position is a broad shoreline at 286 m (Fig. 6) which extends along 

the south shore of ~rangel Bay for over a kilometer. This beach 

feature consists of cobble gravels, including many of Greenland 

provenance, and is over 100 m wide. Discontinuous outcrops of 

glaciomarine silts with dropstones are found from above the marine 

limit nt 116 m almost up to the 286 ~ beach. These outcrops above 
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3. Initial recession of Greenland ice from Ellesmere 
Island. 

4. Photograph of ice-contact delta at 400 m asl on the 
Hazen Plateau. View is towards the south. 
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6. Photograph of beach at 286 m asl . View is towards 
the east with Robeson Channel and Greenland in the 
background. 
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the Holocene silts comprise discontinuous buttresses and patches of 

glaciomarine sediments associated with this older event. The 

outcrops have a reddish-orange to brownish-orange surficial 

weathering which differs from the gray to whitish-gray chalky 

surficial coloration typical of the llolocenc silts that fill the 

valley floors and extend up to the Holocene marine limit. Two 

samples of mollusc shells were collected from these outcrops for 

radiocarbon dating; ?ne sample, composed almost entirely of 

Portlandia arctica shell fragments, gave a date of 31,300 + 900 

(SI-5549). The other sample of Hiatella arctica fragments, from an 

adjacent outcrop at 125 to 140 m, was dated at >32,000 B.P. 

(SI-2112, England, pers. comm.,l984). Both of these dates are 

· considered minimum estimates for the age of the deposit. 

The microfauna! content of this unit included a well-preserved 

and unabraded assemblage dominated by the high arctic inner shelf 

foraminifera Islandiella helenae ,and is most likely of Quaternary, 

and possibly Hisconsinan in age (Rolf Feyling-Hansen, pers. conm., 

1983). 

Sequential retreat of lobate valley ice fran the end moraine 

in upper Wrangel Bay valley is depicted in Figure 7. At the 

intersection of Wrangel Bay valley and the northeast-trending 

valley to Beaufort Lakes and behind several small moraines 

(m-1,m-2) a deltaic complex (d-1 on Fig. 7) at 250 n elevation, 

represents a stillstand of the Greenland lobe. The glacionarine 

ice-contact delta was built into the regressing sea, which had 
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formation of a proglacial lake in the Wrangel 
Bay-Beaufort Lakes basin. m-1 through m-3 are 

moraines formed during sequential retreat of the valley 
lobe toward Beaufort Lakes. d~delta, l=lake, 
k=kame. 
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dropped from the marine limit of 236 m. Another ice-contact delta 

north of ~rangel Bay was deposited into a coastal cirque basin 

facing Robeson Channel by meltwaters from a plateau ice cap to the 

northwest. 

By the time that ice retreated from the delta at the head of 

~·Jrangel Bay valley (ivithdrawing tmmrds Beaufort Lakes; Fig. 7) sea 

level had probably dropped below the level of the delta complex and 

retreating ice was no longer in contact ui th the sea. liO\·Jever, a 

glacial lake was formed in the valley on the proximal side of the 

delta, topographically ponded by the valley side to the north and 

to the south by rereatin3 Greenland ice. An end moraine complex in 

the center of this valley (m-3, Fig. 7) consists of sheared and 

folded blocks of fine to medium-grained rhythmically bedded 

glaciolacustrine sands and silts, indicating a fluctuation of the 

Greenland ice lobe in the lake. This marginal position is also 

delineated by a prominent trimline on the east-southeast valley 

wall and a large kame-terrace deposit on the northwest wall (k on 

Fig. 7). The kame terrace was built by meltwater and sediment from 

both Greenland ice and plateau ice. A 1:1el twater channel 

originating on the plateau to the west of the valley grades to the 

surface of the terrace. Pence, erratics of both Ellesmere 

provenance and Greenland provenance are found on the terrace 

surface. ~n1en the pro:lacial lake reached its ~aximum extent, it 

was 12 !~m in lensth, and extended 5 k.w inland to\omrds the plateaE 

(Fig. 8). Deltas were deposited into this uater body at three 
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8. Glaciolacustrine delta complex in upper Beaufort 
Lakes basin. Upper levels are ice contact, lower 
level was fed by outwash flowing through the 
valley in background. 
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Following this period of weathering, ice advanced to its 

maximum last-glacial position (Fig. 9). Greenland icc advanced from 

Peter:nann Fiord into !Iall Basin and froo r·:e,man Bay into f:obeson 

Channel (England, 1983). These lobes did not coalesce, nor overlap 

on Polaris Promontory (N.H. Greenland). This area remained 

unglaciated, and not until ice retreated from the Petermann Fiord 

moraine, did Holocene marine waters occupy the interior (En2land, 

1983b). On the Ellesmere Island side of Robeson Channel, ice 

advanced from the interior ice caps, coalescing as ?iedoont 

glaciers on the plateau and flm..ring eastward tmvard Robeson 

Channel. Ice advanced to its maximuo at the heads of Archer and 

Chandler Fiords, south of Lake !Jazen (England, 1976, 1983a). 

Fifteen km northeast of Chandler Fiord, the ice probably stood at 

the Craig Lake :·loraine, a prominent feature that loops around the 

south sides of Craig Lake and Kilbourne Lake (FiR. 9). It is not 

known exactly where the ice margin was on the plateau northeast of 

Craig Lake, however there is no evidence that ice from the interior 

of Ellesmere Island advanced within 10 km of the coastal zone 

bet••een South Basin and Lincoln Bay. Small plateau ice caps (::mch 

like those located on the Hazen Plateau today near St. Patrick Bay 

and near the head of Archer Fiord) were present and probably in 

places were in contact with marine waters. 

Thus, the margins of the Greenland and Zllesmere Island ice 

masses were separated by an ice-free zone during the last glacial 

maximu!il. Ice from Petermann Fiord in Hall :Casin \YaS separated fron 
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locations; the largest of these located at the junction of the 

upper Beaufort Lakes basin and the valley to the south (Fig. 13). 

Ice-channel fillings and kames behind the ice-proximal slope of the 

delta demonstrate the ice-contact nature of the deposit. The 

combinaton of ice thinning and retreat and isostatic rebound caused 

a lowering of the lake level. The largest delta plain, at 220m, 

was deposited in the lower level • The ice margin during this stage 

was located at the topographic divide between Beaufort Lakes basin 

and South Basin, as this delta level was fed by a valley train 

deposit graded to this level. 

The valley floor below the deltas and to the northeast is 

filled with laminated fine sand and silt. To determine if this 

basin was open to the sea, and hence was a marine equivalent to the 

\·lrangel Bay marine sediments, samples of the silts \·Jere analyzed by 

Dr. Rolf Feylin3-!Ianssen of the University of Aarhus, Denmad~, for 

the microfossil content. No foraminifera were found; plant debris 

and Cyclopvxis , a Thecamoebian genus characteristic of 

freshwaters, were present, indicatin3 a lacustrine origin for the 

sediments. Although the uppermost level of this lake is lower than 

the marine limit associated with this advance in Wrangel Bay (286 

m) it is evident that sea level had fallen below 250 m by the time 

ice retreated from upper Wrangel Bay valley. However, since the 

microfossil content was analyzed only from surface sediments, it is 

possible that older sediments at depth in the valley are of a 

marine origin and related to a sea level higher than the freshwater 
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lake levels. 

The silts at the toe of the delta and co~prising the valley 

floor to the west of the delta contain abundant red granite, 

granite gneiss and other crystalline lithologies, presumably 

ice-rafted into place. Along the eastern margin of the lake, a 

cobble-gravel beach ridge at 213 m contained organic material 

interstratified with the coarse gravelly sand. Two black 

organic-rich horizons were excavated in a 1-m pit in the beach 

ridge. A sample of the organic material dated >33,000 B.P. 

(S-2182). Since this sample uas dated, houever, a sample of the 

organic caterial was analyzed for its pollen content and contained 

a temperate hardwood assemblar,e, including such taxa as Juglans and 

Castanea • This suggests that the organic material has ~ost likely 

been redeposited fro~ outcrops of Tertiary coal-bearing sediments 

located on the Hazen Plateau to the northwest. !lence, due to this 

contamination, the date from the beach sediments is considered 

unreliable. 

As Greenland ice continued to retreat from northeastern 

Ellesmere Island toward Petermann Fiord on the Greenland coast, it 

melted down behind the topographic divide between Seaufort Lakes 

and South Basin and the lake no longer received its major sediment 

input. Several kames on the east slope of :lt. Deaufort and in the 

highlands above South Basin (191 m) document the retreat. With 

this \vithdrawal, the lake probably drained through the 3eaufort 

Lakes basin. 
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Stage 3: Ice Extent During the Last Glacial Maxi~um 

A substantial period of weathering, perhaps as long as 50,000 

years, occurred between the retreat of Greenland ice from Ellesmere 

Island and the next major glacial advance (England and Bradley, 

1978). The coastal highland areas were deglaciated first and 

projected above the valley ice lobes as nunataks, even before 

Greenland ice recession. These uplands (predominantly till-mantled 

bedrock) show signs of advanced weathering not encountered in 

recently dcglaciated areas. Resistant tors, up to 3 m high, 

project above the topography. The tors are frost-riven and 

contribute debris to the surrounding felsenmeer surface. Tors on 

Nt. Beaufort, 2 km southwest of Beaufort Lakes, were found at 

elevations up to 260 m. Greenland erratics, exfoliated and reduced 

to gruss, were found among the felsenmeer at several localities. 

Clasts of the Imina Formation Here also founci to be com.rnirmted to 

small tabular fragnents and covered with a 30lden-brown desert 

vanish. 

On surfaces of glaciofluvial landforms located above the 

llolocene marine limit (i.e,, depositional features associated with 

the deglaciation of Greenland ice) advanced weathering is also 

apparent. Clasts of the Imina Formation \vere cor:uninutecl into soall 

fragments (approximately 2 em) and coated with desert varnish. 

Granitic clasts were spheroidally weathered, pitted, and etched, 

and in some cases reduced to gruss. 
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ice at the Craig Lake Moraine by almost 100 km. The isostatic 

loading of the two ice masses produced differential crustal 

warping, dominated by the larger Greenland ice load (England, 1976, 

1983). Valcott (1970) has demonstrated that due to lithospheric 

rigidity, peripheral depression beyond an ice mass can extend up to 

180 km from the ice r.~argin. The "full glacial sea" (England, 1983) 

transgressed in this ice-r:mrginal depression alon3 the 

isostatically depressed coasts of Ellesmere Island and Greenland. 

Isostatic dominance of t~e Greenlanrl ice is seen in Fisure 9, which 

shows the elevations of marine limits in the Lady Franklin 

Bay-~obeson Channel area and along Polaris Promontory. These 

once-synchronous shorelines increase in elevation from 111 m at 

Discovery Harbour to 116 m along the outer coast from South Basin 

to Vrangel Bay, to 120 m on Cape Baird at the northern tip of Judge 

Daly Pror:10ntory. ::arine lii~lit elevations increase from 130 m on 

outer Polaris Promontory, to 140-150 m in the interior of Polaris 

Promontory (data from England, 1983a and this study). 

Figure 10 depicts the maximum transgression of the sea along 

Robeson Channel during the last glacial maxirnum. :Iarine linit 

shorelines in the marginal depression were constructed and marine 

sediments deposited on the "old" till and bedrocl~ topography except 

where the sea was in contact with local icc in Lincoln Bay. The 

"full glacial sea" (England, 1983) trnnszressed to 116 m in South 

Ba~in. ~o datable materials were recovered, however, from the 

highest shoreline feature, a raised marine delta. 
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Two samples of in situ shells fran silts at 90 to 95 rn grade 

upward to beach gravels at 116 o in the valley above Beaufort 

Lakes. Two similar collections dated 8050 + 120 (SI-3041) and 8255 

± 215 (S-1990) (England, 1983). 

No organic material or shel l samples uere found in 

stratigraphically equivalent deposits in Wrangel Bay. It is 

possible that landfast sea ice occupied this major fiord valley and 

prevented occupation by fauna until a later period. In Lincoln 

Bay, stratigraphic and morphologi c evidence suggest that during the 

last glacial advance a plateau ice cap, such as previously 

described for Vrangel Ba y, expanded and spilled over into inner 

Lincoln Bay and into coastal basins open to Robeson Channel. The 

latter locality has been described by Prest (1952) who described 

the moraines consructed in t his basin . Distinct gravel terraces are 

incised into the noraines that are overlain by fossiliferous silts. 

The lobe of the plateau ice cap that spilled over into inner 

Lincoln "Say valley damned dr ai:-wge fror.l the interior of the Hazen 

Plateau formin3 a preglacial la~e (Fig.10). A complex of kame 

deltas which delineate he former ice front prograded inland to a 

l~~e surface of approximatel y 135 m elevation. Terraces also grade 

to this lake from the interior plateau to the northwest. The 

plateau ice did not extend to outer (southern) Lincoln Bay along 

Robeson Channel, and the sea transgressed to the marine limit as in 

the other basins to the south. Shells of Eathyarca slacialis and 

Hiatella arctica were collected in growth position in silts below a 
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diffuse 100m washing limit and dated 8600 + 90 (SI-5551). This 

marine limit elevation is probably a minimum estimate as the 

topography at the marine li~it is steep along the valley wall and 

there may be no evidence of the true marine limit. 

Figure 11 illustrates the position of the sea subsequent to 

initial emergence from the marginal depression sea and the retreat 

of the Lincoln Bay ice cap. As the plateau ice lobe retreated from 

inner Lincoln Bay, the sea trans~ressed upon the de2laciated 

terrain and marine silts were deposited on the proximal, or 

icc-contact slopes of the deltas. The highest shoreline in this 

zone was at 90 m. A small collection of Portlandia nrctica were 

collected in growth position in silts overlying the kame gravels 

and are dated at 7265 ± 215 B.P. (SI-5552). Upon deglaciation of 

the coastal basin to the north of Lincoln Bay, the sea overlapped 

the moraine at 84 n. A sample of llintella arctica found in situ in 

an erosional cut (78 m) below the moraine crest on the ice-proximal 

side of the moraine dated 7345 ± 75 B.P. (SI-5550). 

In South Basin, shoreline features slightly below the marine 

limit record the initial emergence from t~e sea (Fi3. 11). n .:-:.. 

gravel beach at 111 m contained abundant whole valves of :Iiatella 

arctica that dated 7390 ± 90 B.P. (SI-5554). A collection of in 

situ Mya truncata and Iliatella arctica obtained from silts at 55 m 

that grade upward to a gravelly shoreline at 110 m and wns dated at 

7490 + 70 3.P. (SI-5553). 
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Marine Chronolo2y 

Two glaciomarine units in the field area represent 

sedimentation associated with advances of Greenland and Ellesmere 

Island ice in the nobeson Channel area. Most of the area below 

below 110 m asl is mantled by Holocene marine silts deposited in a 

peripherally depressed sea between the Greenland and Ellesr:1ere 

Island ice masses. In the Robeson Channel area on Ellescere 

Island, the marine limit during this event \laS 116 m. ,. "ur.Jerous 

radiocarbon dates, in the range of 7200 to 8200 n.P. have been 

obtained on shell collections from beaches and silts belo~• the 

Holocene marine lioit (Table 1). An older glaciooaine unit, at 

present maTlped only in the ':!rangel !3ay area, is dated 31,000 + 900 

and >32,000 B.P. These sediments, exposed up to a maximum elevation 

of 286 r:1 asl were deposited in an ice-marginal sea, isostatically 

depressed by a substantially larger ice load than during the last 

glacial advance. As the dates on the older marine unit should both 

be consi,lered mini;:mm age estimates, absolute age deterr.Jinations 

and the correlation of this unit with other arctic 3laciomarine 

units recains difficult. Corr8lations were attenpted ty 

aminostratigraphic techniques. 

Comparsions of aoino acid ratios froo mollusc shells in 

sediments from a limited geographic area have proven to be 

effective for correlating fossiliferous sedimentary units, 

especially where radiometric control is lacking, or at the limits 

of the datin~ technique, or where stratigraphic units are not 



1. 

Site 

Wrangel Bay* 

Wrangel Bay 

Lincoln Bay 

Lincoln Bay 

Lincoln Bay 

Beaufort Lakes 

Beaufort Lakes 

South Basin 

South Bas in 

Radiocarbon dates 
proglacial lake 
area. 

Laboratory N<" . Material 

shells 

SI-5549 shell!'< 

SI-5551 shells 

SI-5552 shells 

SI-5550 shells 

++ 5-1990 shells 

++ GSC-3041 shells 

SI-5553 shells 

SI-5554 shells 
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from raised marine 
sediments from the 

deposits and 
Robeson Channel 

Age B.P. Stratigranhv Related Relative 

> )2 ,000 marine silts 140 m ll6 to 2Rfl m 

31,300 + 900 marine silts 90 m ll6 to 2R6 m 

8600 ±. 90 marine silts 91 m 100 m 

726 5 ±. 21 5 marine silts 82 m 88 m 

7345 ±. 75 marine silts 78 m 90 m 

8255 ±. 215 marine silts 90 m ll6 m 

8050 ±. 120 marine silts 90 m 116m 

7390 ±. 90 beach gravels 111m 111 m 

7490 ±. 70 marine silts 65 m 110 m 

Sea Level 

Beaufort Lakes** S-2182 organic >33,000 l acustrine beach p:ravel 
rna terial 213 m 

* Unpublished date, J . En~tland, ners. cocr.::n ., 1982. 

++ Previously reported in England , 19R3. 

** The validity of the date is aue s t ioned due to t he nresence of redenosited 
pollen in the sample, including a rboreal spec i es o f t emnerate ~ffinitv. 

Laboratory Identifications: SI- Smit hsonian Insti t ute, S- UniversitY of Sa~kat~hewan, 
GSC- Geological Survev of Canada. 
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laterally contiguous (Andrews and :·!iller, 1976; Hiller et al., 

1977). Decause the rate of racemization of amino acids in a shell 

is temperature dependent, it is very difficult to determine an 

absoulte age with this technique without having an independent 

temperature estimate of the deposit. It has been demonstrated 

however, that correlations of 3laciogenic and marine units of 

similar relative age can be carried out for over a 1500 km distance 

(Miller et al., 1977). 

Ratios of allo-isoleucine (aile) to isoleucine (Ile) in 

mollusc shells collected during this study were determined at the 

University of ;':assachusetts Ani no Acid Geochronology Lab. The 

method of sample preparation follows that described by t!iller et 

al. (1982), so that fractionation effects in the total acid 

hydrolysate fraction are eliminated. 

Results of the analyses from the northeastern Elles~ere Island 

samples are sho\vn in Figures 12 and 13 and Table 2. Species 

analyzed from the collections include mostly Hiatella arctica 

,although several samples of Astarte borealis were analyzed from 

core samples. No inter-species differences were detected in the 

Holocene age shells (Table 2). The mean aile/Ile total hydrolysate 

ratio in Holocene shells from the field area is 0.037 + .04. The 

free fraction in the Holocene unit shells ·,.;as not detectable 

(N.D.). In contrast, the older unit has significantly hi;her 

ratios (0.207 ± .022 - 0.062 ± .012; free-total). These two 

groupings of ratios are termed aminozones (~elson, 19S1). 
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GLACIAL AND MARINE SECTION 
WRANGEL BAY 

elevation olle/lle f 

270 .22 
220 .20 

140 .18 

125 .23 

.06 

.06 

.08 

.05 

Holocene marine sill 
"older" glaciomarine silt 
till 

Imino Formation 

12. Glacial and marine stratigraphy at Wrangel Bay with 
amino acid ratios ( alle / Ile l for mollusc shells in 
glaciomarine sediments. 
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0.3 
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> 136,000 B.P 

• D 
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13. Comparison of am_inostratigraphy of Robeson Channel 
area with other sites on Ellesmere Island and 
aminozones from eastern Baffin Island. 
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2. Amino acid ratios (allo-isoleucine/isoleucine) from 
marine mollusc shells in raised marine sediments 
and marine sediments from cores. 

SITE DEPOSIT ~HELL TYPE RADIOCARBON DATE AMINO ACID AGE aile/Ile 
B. P. ( I! , P , eat.) free 

Wrangel Bay Glaciomarine silt Hiatella arc tica ~ 35,00(1 0.22 
270 m 

Wrangel B~y Glaciomarine silt Hiatella arctica ~ 35,000 o. 20 
220m 

Wrangel Bay Glaciomarine silt Hiatella ar ct i ca >32 , 000 ~ 35,000 0.18 
140 m 

WranRel Bay Glaciomarine sllt Hiatella arc ti c& ? 35,000 0.23 
125 .. 

South Basin Gravel Beach Hiatella ar c tlca 7390 :!. 90 Holocene N.D. 
111 .. 

South Baaia Marine silt below Hiatella arctlca 7490 :!: 70 Holocene N.D . 
110 m beach 

Lincoln Bay Marine silt below Hiatella arn lea Holocene N.D. 
100 m beach 

Lincoln Bay Marine silt over- Hiate ~ la arctica 7345 :!: 75 Holocene N.D. 
lying moraine in 
coastal cirque 

Beaufort Lakes !T..&rine ~eA. ~ment Astarte borealis Holocene N.D . 
from piston core 

Beaufort Lakes marine sediment Astarte bon·alis Holocene N. D. 
from piston core 

Beaufort Lakes marine sediment Hiate~la arct1ca Holocene N.l>. 
from piston core 

Beaufort Lakes marine sediment Astarte bore alis Holocene N. D. 
from piston core 

Beaufort Lakeo marine sediment Hiatella arn lea Holocene N.D. 
from piston core 

Beaufort Lakes gravel beach at Hiate'la arctica 8255 + 215 Holocene N.D . 
116 m marine limit 8050 ~ 120 

N.D . denotes not detectable in the 'ree •lle/Ile fraction. 

aile/ Ile 
total 

0.06 

0 . 06 

0.08 

0.05 

0 . 02 

0 , 01 

0 . 02 

0.02 

0.02 

0,014 

0.017 

0,015 

0 . 019 

o.o8n 
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Hereafter, the Holocene marine sediments will be referred to as the 

Beaufort aminozone , while the pre-Holocene marine unit is 

designated the Robeson a~inozone • Aside from the clustering of 

amino acid ratios these units are lithologically, ~orphologically, 

and chronologically distinctive, and represent two unique intervals 

of glaciomarine sedimentation in the field area. 

Regional Correlations 

Although a local aminostratigraphy can be documented for the 

Robeson Channel area, an absolute age for the older Robeson 

aminozone has yet to be determined. Direct correlation of this 

marine unit is precluded by the lack of finite dates for the 

Robeson unit, and because of climatic variations between various 

sites, direct comparisons of amino acid ratios are difficult. 

Since the rate of amino acid race~ization is temperature dependent 

(increased temperature yielding increased aile/Ile ratios), it 

follows that temperature differences between northern Ellesmere 

Island and Baffin Island, for exaople, should account for lower 

aile/Ile ratios at the more northerly site. 

The data from this study is compared to eastern Baffin Island 

aminozones (Fici. 13) that have been assigned ages obtained from 

radiocarbon and uranium series dates on shell samples (Szabo et 

al., 1981). In addition to amino acid ratios from this study, data 

from southeastern Ellesmere Island (Blake, 1980 a,b) and from Judse 

Daly Promontory (England et al., 1978) are plotted in reference to 
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awinozoncs I, II, and III from Baffin Island (Szabo et al., 1981). 

Group I comprises C-14 dated samples ranging in age fro~ 7000 to 

11,000 B.P. Group II has Th-230 ages between 21,000 and 68,000 

B.P., and finite C-14 ages between 35,000 and 41,000 B.P., ho\lever 

the authors suggest that these samples are ~uch older than 40,000 

B.P. and assign a L 70,000 B.P. age to the group. Group III shells 

gave Th-230 ages bet~een 78,000 and 156,000 B.P. This grouping was 

assigned a L 136,000 B.P. age, an average of these values. Both 

the Dcaufort and Robeson a~inozones plot to the left of 3affin 

Island groups I and II; thus they arc less racemized than Baffin 

Island samples of the two diffcr2nt nges (Fig. 13). Correlntion of 

the Holocene marine silts in both areas poses no proble~s, as many 

radiocarbon dates between 7000 and 11,000 D 1) 
lJ • .1. • have been reported 

for both sites. It is suggested hm.Jever, that the pre-IIolocene 

Robeson sediments are probably correlative to group II, which 

corresponds to the ~::ogalu aminozonc of the Clyde ?oreland C·iiller 

et al., 1977). The difference in the cluster of the ratios between 

the 'Robeson and Kogalu aminozones is attributed to temperature 

differences between northeastern Ellesmere Island and Clyde 

Foreland, 1500 km to the south. Current mean annual temperature 

(C:·!AT) is approximately 6 C on northern Ellesoere Island (Table 3) 

although since amino acid racemizaton is i:lore sensitive to 11arn 

temperatues, mean July temperature may be a better index of 

temperature dependence. The closest approximation to the 

intergratcd thermal history that sam~les have experienced since 
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burial is probably ground temperature, for which there is much less 

information. Ground temperature has been monitored on northern 

Ellesrnere Iland at Alert c:nd on Baffin Island at I-lary P..iver and 

Milne Inlet (Washburn, 1979) and measurements indicate concooitant 

decreases in mean annual tempe r a ture, mean July temperature, and 

ground temprature at depth (Table 3). 

The timin;s and relative exten ts of ice r.1asses in the tHo nreas 

is also similar. The Ayr Lake Till, 11hich underlies the Kogalu 

member of the Clyde ~oreland Foruation (Feyling~!anssen, 1976), was 

presumably during the last glac iation to cover the foreland, as it 

in places extends out onto t he con ti n e r. t.::~l shelf. :~ogalu r.Jarine 

sediments were deposited i n t he i s os t atic downwarp in front of this 

ice mass (Miller et al., 1977) . Si milarly, the Robeson aminozone 

is associated with the maxi mum extension of Greenland ice onto 

Ellesmere Island, which crea t ed a maj or isostatic depression. 

The amino acid ratios of t he ~obeson aninozone are also 

compared \vith those from other ma r ine sediments on Ellesmere Island 

in Fi gure 13. Firstly, simi lar Free nile/Ilc ratios were measured 

on :!iatella arctica fra ;;r.;ents in till in : iakinson Inlet 

(2lake,l980b). Field evidence s ugsests that a subst.::~ntial ;lacial 

advance filled Makinson Inlet (700 m thick) and entrained 

preglacial fossiliferous sedi ment and redeposited the shells at 

higher elevations (250 to 375 m) . This event was tentatively 

correlated with the Kocalu aminozone by !~lake (1980b). IIm1ever, 

[liller (in press) has subsequentl y correlated the :· ;al~inson Inlet 
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3. Mean annual, mean July, and ground temperatures at 
several locations in the Canadian High Arctic. 

Loc•Uon Lilt itude Longitude Hean Annual Temp. 1 Hean July Teap. l CE"ound Teap. 2 

•c •c •c 
Depth 

• 
Alert 82" 30. N 62" 20' "' -18 3.6 -16.1 15 - 18 
. Ellesaere 

l.esolute 74" 4 3' N 94" 59' w -16 4.1 -4.1 16 
CoE"n~dlls l!!l. 

Hllne lnlet 3 n• lO' N eo· oo• H -14.3 4.6 -12.2 15 

1 Canadian Cltaate NoE"aala, 1951-1983 

2 Washburn, A.L.,(l979, 

3 . 
Clt .. te dat• fE"olll t~nd Inlet, Baffin Island 
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deposits with the Loks ~and erninozone, a younger event with less 

extensive ice extent. Secondly, the Robeson aminozone has ratios 

similar to Judse Daly Pro~ontory pre~Iolocene scdi~ents, where 

shells were collected in silts beneath an ice-shelf moraine at 

relative sea level of 175 m. The ice-shelf moraine was deposited 

by floating Ellesmere Island ice that cross-cut deposits left by 

the ma:{irnum Greenland ice advance (~ngland et al.~ 1978). Finite 

radiocarbon dates on the deposits range between 22,000 and 30,000 

B.P., and are considered mini~u~ estimates; amino acid ratios 

su~gest a >35,000 B.P. a ge for this event (England e~ al., 1973). 

In contrast, shell fragments in a ~orainc deposited hy Greenland 

ice on Judge Daly Promontory yielded free ratios of 0.45 + .03 and 

0.127 + .002 (free and total fractions; Fig .13). These ratios do 

not necessarily conflict with the values for the Robeson aminozone, 

as the shells in the moraine probably pre-date the maximum 

Greenland advance, whereas the Robeson aminozone shells were taken 

from marine sediments deposited contcm?oraneously Hith recession of 

Greenland ice from Ellesmere Island. Thus, the Robeson aminozone 

shells and the oldest deposits from Judse Daly Promontory (England 

et al., 1978) most likely brac!~et the Greenland advance onto 

Ellesmere Island. The relation of the Robeson aminozone to the 

~··lakinson Inlet sediments is not clear, although if the shells are 

age-equivalent, a major glaciation would be necessary to deposit 

the shelly drift at high elevations in Makinson Inlet. Conversely, 

the ;·rakinson Inlet samples may be older than the Robeson samples, 
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with the equivalence in aile/Ile ratios due to different effective 

diagenetic teoperatures between northern and southern Ellesmere 

Island. 

Figure 14 shows a compilation of some selected 

aminostratigraphic sequences in the High Arctic regions. Although 

several of the aminozones have not been named as such by the 

respective authors, local seographic (:1elville) or stratigraphic 

(Hochstetter Foreland) terms are designaterl. Because of 

temperature variation and differences in radiometric age control at 

the sites, direct correlation by aile/Ile ratios are difficult. 

However, visible correlations among aminozones in Baffin Island can 

be seen, as well as those from Spitsbergen. Boulton et al., (19H2) 

have correlated the Spitsber3en r,lacial and marine chronolo3y and 

aminostratigraphy with that on northeast Greenland (Hjort, 1981, 

1982) demonstrating the similarity of Stadial 4 and Stadial 2 

( 3illef jord) Hith the :(ap :·lac Kenzie and ::anok Stadials of 

Greenland. The Kap >iackenzie Stadial in .Sast Greenland \.;as a major 

ice advance that reached the continental shelf. These deposits are 

dated b_y infinite C-14 dates and Th/l! dates bet'.-:een 70,000 and 

115,000 3.?. (Hjort, 19:31). Ice advances subseauent to this (?) 

early Weichselian stadial were more restricted, as preglacial 

forelands and nunataks were exposed alons the coast. This 

chronolocy is consistent with stratigraphy in northwest Greenland 

(Kelly, 1980), on Banks Island (Vincent, 1982), Baffin Island 

(;-liller et al., 1977), and i:1 this study, which deraonstrates an 
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early major glacial phase, followed by subsequently nore restricted 

ice advances and associated marine events. 

Discussion 

In· recent years, numerous studies have concluded that late 

Wisconsin ice cover at high latitudes was quite limited in extent 

(cf. Boulton, 1979). At that time, ice sheets to the south, in 

continental North America and Scandinavia, were extensive. Thus, 

it would appear that ice sheet margins at high and mid-latitudes 

have responded diachronously to climatic changes. Ice complexes in 

the High Arctic did not retreat and advance with their southerly 

counterparts. Tlte dominant factor involved in the nonsynchroneity 

was the precipitation source for replenishing the ice sheets. 

While the southern margin of the Laurentide ice mass was nourished 

by the ~tlantic Ocean to the south, the ice nass blocked 

precipitaton from moving into the :!igh Arctic durins the late 

\·:isconsin glacial oaxi:num at ca. 13,000 B.P. Therefore, :!i::;h 

Arctic 3lacier expansion at this tine Has mini::ml. Althoush some 

authors (Ewine and Donn, 1956) !'lave envisaged ::he :\rctic CJce2n as a 

moisture source for ltieh latitude ice growth Koerner (1977) showed 

that Baffin Eay currently provides a greater ~oisture flux to Jigh 

Arctic ice caps than does the Arctic Ocean. ~~reover, Clark (1932) 

su3gests that ice cover conditions in the Arctic Ocean have been 

constant for at least 700,000 years. If moisture flux from the 

Atlantic and Arctic Oceans \laS nininal, glacier expansion \Joule! 

like\vise be limited during this tine (Daulton, 1979). This seeos 
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likely, as expansion in high latitude areas occurred during 

disintegration of ice sheets and sea ice in the North Atlantic. 

Geological evidence indica tes t hat glaciers in hi~h latitudes 

reached their last ma~dr.mm bctHeen 11,000 and BOOO B.P., well 

behind the oargins of previous Pleistocene advances. 

Morphostratigraphic evidence and isotope and amino acid 

chronologies froo eastern Baffin I sland, Spitsbersen, Grcenlan~, 

Ellesmere Island and other locations suggest that 3lacionarine 

sediments were deposited in isos t a tically-depressed forelands 

beyond their ice ~argins ( ~oulton e t al ., 1982). In these 

locations, oarine silts with r adioca r bon dates that range from 8000 

to 11,000 B.P. overlie sediments of an older glaciomarine event 

that pre-dates the classical late ~lisconsin/~eichselian 3lacial 

advance that occurred on the ~i d -ln titude continents. ~o evidence 

of intervenic3 glaciation is f ound between these deposits, hence, 

the ti~ins and geographic placement of a major hi2h latitude ice 

1 UQ , 0(}' 0 D P ( " h 1 i'lass at ;·;. . .lUg es et a • , 1977) is questionable. 

On the basis of field evidence on northern Ellesmere Island 

(summarized in Fi6 . 15), it i s difficult to nccoi:lodate a :1odel of 

expansive ice during the late Wisconsin oa~i~um. ~ccordin~ to this 

J3odel, the Innuitian Ice Sheet (Blake, 1970) was confluent with the 

Laurentide and northwest Greenland Ice Sheets over Robeson Channel 

Hhilc centered over :·:onve:-:;ian Ba:r , southern Ellesr.1erc Island. In 

subsequent papers, Blake (1975, 1977, 1978) presented evidence of 

fresh, large scale (but undated) ~lacial erosional and abrasional 
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features that indicate radial outflou from the ~:on:egian Day area 

and erosional forms on the Carey Islands that indicate southerly 

ice flow from Kane Basin and the northern ~ares Streit ice ridge 

(Dansgaard et al., 1970). The stratigraph~ at the Carey Islands 

does not suggest that late '::isconsin ice Has responsible for th,is . 

erosion. i'io evidence l1as been :ound in the l(oheson Channel area 

that demonstrates northerl y ice floH from the proposed ice rid3e in 

Kane Basin at this time, nor do moraines and other features ip the 

coastal zone document the retreat of late ~isconsin ice. While 

evidence does demonstrate a one-tine major gl~cial expansion and 

probable confluence of the Ellesmere Island and Greenland Ice 

Sheets (cf. Christie, 1983) the results of this study indicate 

that this advance probably occurred Jrior to 80,000 D.P. 
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LATE QUATERNARY STRATIGRAPHY AND PALEOENVIRONMENTS OF THE 

BEAUFORT LAKES BASIN, NORTHEASTERN ELLESMERE ISLAND 

M.J. Retelle 

University of Massachusetts, Amherst 

ABSTRACT 

Late Quaternary environmental changes in a sedimentary basin on the 

coast of northeastern Ellesmere Island have been reconstructed using cores 

of sediment recovered from three contemporary lakes. The lake basins 

were isostatically depressed below sea-level in an ice-free corridor 

between ice sheets over northwest Greenland and Ellesmere Island during 

the last glaciation. They became isolated from the sea as the two ice 

sheets retreated and the coast isostatically readjusted to the reduced ice 

load. Each sediment core recovered comprised lacustrine sediments 

overlying glaciomarine sediments. Sedimentary properties such as grain 

size1 loss-on-ignition, porewater geochemistry and faunal content were 

determined to characterize changes in the depositional environment from 

'full glacial' to modern lacustrine conditions. 
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Present study 

Three lakes (unofficially named the "Beaufort Lakes") are 

situated in a large south-facing cirque basin 2 km north of Mt. 

Beaufort and approximately 65 km south of Alert. The 

cirque, which opens towards Robeson Channel, was incised into the 

southeastern margin of the Hazen Plateau, which is made up of lower 

Paleozoic flysch sediments of the Imina Formation (a succession of 

interbedded sandstones, siltstones, and shales). The field site was 

situated beyond the limit of ice advance during the last glaciation 

in the ice-free corridor between interior Ellesmere Island ice and 

the northwest Greenland Ice Sheet. Ellesmere Island ice advanced out 

of the interior mountains and spread out as piedmont lobes on the 

Hazen Plateau, where it terminated at the Craig Lake Moraine. 

Ellesmere ice also reached the heads of Archer Fiord and 

other major fiords to the south (England, 1978, 1983). Ice from 

northwest Greenland advanced out of Petermann Fiord and Newman Bay 

into Hall Basin and Robeson Channel across the channel from the 

field area and flanked, but did not cover, the Polaris Promontory 

foreland (Davies, 1963; England 1983). Thus, an unglaciated zone 

almost 100 km wide existed between Greenland and Ellesmere Island 

during the last glacial maximum. The crustal flexure produced by 

these ice loads extended well beyond the ice margins and produced a 

marginal depression in this ice-free corridor. Walcott (1970) has 

demonstrated that due to the rigidity of the lithosphere, the crust 

may be depressed for about 180 km beyond the ice margin. The 
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depression produced by the ice loads caused marine submergence of 

the coastal zone in the Robeson Channel area up to a marine limit of 

116 m. The sediments contained in isostatically depressed coastal 

lowland basins such as the Beaufort Lakes include: a) glaciomarine 

sediments that were deposited during a marine transgression as ice 

advanced to the last glacial limit. These sediments continued to 

accumulate untildeglaciation of adjacent land areas led to isostatic 

emergence of the basins; b) lacustrine sediments deposited over the 

marine sediments subsequent to the isostatic emergence of the lakes 

from the sea. 

Methods 

Fieldwork was conducted at the Beaufort Lakes basin in 1981 and 

1982 as part of a study of the Quaternary glacial and marine history 

and environments of the surrounding region. Piston cores of the 
/ 

lake-bottom sediments were recovered using a modified Livingstone 

corer with a stainless steel core tube }.Jm long and 4.5 em in 

diameter. Magnesium-zirconium drive rods were used with the corer, 

which retrieved up to 4.8 m of sediment using repetitive drives down 

the same borehole. Core sections were ~xtruded in the field, wrapped 

in plastic and heavy-duty aluminum foil, and stored in trays in 

insulated core boxes until returned to the lab. The cores were 

stored in a darkroom kept at +4°C. Segments of the cores were 

removed for radiocarbon dating at several intervals (Retelle, 1985a). 

Sub-sampling was then done on cores for paleomagnetics, bulk 
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susceptibility, grain size, loss-on-ignition, microfauna, and 

geochemical analyses at various intervals. Grain size (% sand, 

silt, clay ) was determined by centrifuge and wet sieve techniques 

on .2.5-cm sampling cubes that had been previously used for 

paleomagnetic studies. The sand, silt, and clay fractions were 

retained for further analysis. 

The clay-size fraction (finer than 2 microns) was used for clay 

mineral analyses. Oriented smear mounts were prepared on glass 

slides. Air-dried, glycol-solvated and heat-treated samples (550°C) 

were run at 1 degree-2 theta/ minute on a Siemens diffractometer 

using Cu k-alpha radiation. A nickel filter with 1 and 0.4 degree 

slits was used at 35 kv and 20 rna. 

Loss-on-ignition was measured after drying the sample overnight 

at 65°C, followed by combustion at 450°C for 2 hours. 

The ionic concentrations of sediment porewaters were analyzed 

using a technique described by Patterson et al. (1978). Using a 

Delrin plastic press, interstitial waters were squeezed from the 

samples. Porewaters were diluted by a factor of 100 and ionic 

concentrations of Na, K, Ca, and Mg were measured on an 

Instrumentations Laboratories atomic absorption spectrophotometer. 

Lake-water samples, recovered from various depths in the lake by 

means of a Kemmerer sampler, were stored in opaque amber Nalgene 

plastic bottles for later laboratory analyses. Temperature, pH, and 

alkalinity analysis of the lake waters were carried out in the 

field. Chloride was measured with a specific ion electrode in the 
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lab for lake and stream waters and sediment porewaters. 

Present Environment of the Beaufort Lakes Basin 

The three lakes at the field site are located at elevations of 

12, 34, and 39m a.s.l., below the Holocene marine limit of 116m 

(Fig. 1 ). They are referred to as Lakes 1, 2, and 3, in order of 

increasing elevation. The lakes are held in by resistant 

northeast-trending bedrock ridges mantled by marine silts and beach 

gravels. 

Lake 3 is the smallest of the lakes (0.6 km X 0.3 km) and is the 

shallowest, with ca. 12.4 m water depth. Inlet streams are few and 

small, with the largest originating from snow cornices on the 

northern headwall of the basin. The outlet of Lake 3 is very 

shallow (about 0.5 m) and flows into Lake 2. 

Lake 2, the largest of the Beaufort Lakes, is the furthest 

inland from Robeson Channel. It is approximately 1.2 km long and 

nearly divided into two basins by a northeast/southwest-trending 

bedrock ridge. The northwestern half of the basin is about 30 m deep 

and shallows to the southeast. Most of, the watershed is drained by 

two large streams which flow into the northwest end of the lake. 

Thus, Lake 2 has the greatest sedimentation rate, as the two inlet 

streams have built delta fans into the deep (northwestern) end of 

the lake. The combined outflow from Lakes 2 and 3 drains into Lake 

1. 

Lake 1, at 12 meters, has a maximum measured depth of 21.6 m. 
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_:s outlet stream flows into Robeson Channel (Fig. 1 ). The 

~ediate drainage basin of this lake is small, limited to the steep 

-eadwalls of the lower Beaufort Lakes basin which surround the lake. 

To determine the present-day water chemistry in the lakes, 

~ological measurements were made in the three lakes in June 1981 

' Fig. 2 ). Temperature profiles in all the lakes show 

~sothermal conditions, with the exception of the water in contact 

~th the drilled holes in the ice, in the top 2 to 2.5 m at each 

station. Lake 2 water registered the highest pH values (8.7), 

~hereas in Lakes 1 and 3, the waters averaged 8.3. Mean values for 

: emperature, alkalinity, and all the ionic concentrations, however, 

were greatest in Lake 3 (Fig. 2 ). Ionic concentrations averaged at 

l east 4 times greater than those in Lakes 1 and 2. No evidence of 

chemical stratification was found in the lake waters. 

Paleoenvironments of the Beaufort Lakes Basin 

The Beaufort Lakes basin is floored by till, which is exposed at 

the surface above the marine limit. Abundant red granitic and 

gneissic erratics in this drift sheet (probably of Greenland 

provenance) stand out in contrast to the gray-broWn Imina Formation. 

The till was probably deposited during the maximum advance of 

northwest Greenland ice onto northeastern Ellesmere Island, 

tentatively~ 80,000 years B.P. (England et al., 1981). Marine 

shorelines in the basin extend up to 116 m (the Holocene marine 

limit) and have been dated between 8200 and 8000 B.P. (England, 
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:983). 

Gravelly beach sediment and interfingering deeper-water 

glaciomarine silts overlie till below the marine limit. The 

glaciomarine silts have coarse sandy interlaminae and gravelly 

l ayers, presumably deposited by ice rafting or iceberg grounding. 

Abundant pelecypods found in the silt unit include Hiatella arctica, 

Portlandia arctica, Astarte borealis, and Mya truncata • Paired 

valves in growth position are often found in the silts, whereas on 

the gravel beaches, single unpaired and abraded shells are common. 

The duration of this marine event in the ice-marginal depression 

zone has not been determined; however dated shells from this area 

give minimum estimates from 8,000 to 11,000 years B.P. (England, 

1983). The initial establishment of the marine limit, therefore, 

has not been documented. England (1983) points out that this event 

probably occurred as the ''full glacial sea" transgressed in response 

to isostatic loading. Another possibility is that the marine limit, 

measured thus far, was established by sea level falling from higher 

levels associated with the crustal loading of an earlier glaciation. 

Radiocarbon dates on the total organic fraction from the base of the 

Beaufort Lakes cores indicate a duration greater than 40,000 years 

for this ice-marginal sea, however, it is very likely that these 

dates are overestimates, contaminated by dead carbon (Retelle, 1985a). 

Sea level began to fall from the marine limit some time around 

8000 B.P. in response to initial unloading of adjacent ice on the 

Hazen Plateau (England, 1983). The three Beaufort Lakes, responding 
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to the changes in ice load, emerged progressively from the sea 

responding to the changes in ice load. In the sediment cores, this 

emergence is documented by a change from glaciomarine to lacustrine 

sediments. The change is very distinctive vis~ally, texturally, and 

chemically, and is discussed in more detail below. 

Lacustrine and Marine Sediment Cores 

Stratigraphy 

In total, thirty-three meters of cores of various lengths, 

ranging from 1 to 4.8 m, were recovered from the three lake basins. 

Lithostratigraphy from a representative core is shown in Figure 3. 

The lowermost sediment recovered in the cores is an olive-gray 

sandy and clayey marine silt that contains dropstones and marine 

invertebrate macro- and microfossils. Bedding is absent to faint due 

to bioturbation by the molluscs. Black sulfidic mottling and 

lamination are also present, mainly concentrated around the 

pelecypods. 

Marine sediments were deposited in the basins by fluvial input 

from runoff, ice rafting by local landfast sea ice, pack ice or 

icebergs, mass flow deposits from the nearby shore, and eolian 

deposition. 

The upper unit in the cores is a grayish-olive laminated 

lacustrine sediment with thickness averaging between 1 to 4.3 m in 

the cores. Primary sedimentary structures include thin horizontal 
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laminae, massive beds, and graded beds which are irregularly spaced 

downcore. The graded beds are 0.2 to 0.5 em thick and are separated 

by several centimeters of massive to faintly bedded clayey silt. The 

bulk of the lacustrine sediments in the basins was most likely 

deposited by fluvial input from spring and summer snowmelt runoff, 

although other prominen~ features in the lacustrine sediments 

include mudflow deposits and isoclinal :olds formed by slumping of 

the lake bed or materials along the shore. Pebbly mudflow sediments 

found in the upper 20 em of three cores spaced at ca. 50 m intervals 

on Lake 1 are probably redeposited glaciomarine sediments that 

slumped into the lake from the shore. Nind-transported sand and 

silt, as well as organic matter (Salix leaves and twigs) were found 

on the ice surface during coring operations . 

The lacustrine and marine sediments are separated by a distinct 

transtion zone of massive to finely lami~ated black sulfidic clayey 

silt (Fig. 4 ) • Alternating black and ight gray laminae, 

approximately 1 mm thick, grade upwards :rom the massive black silt 

to the laminated lacustrine sediments above. 

Transition zones of this type have been described in similar 

sedimentary sequences in Sweden (Ericson, 1973) and Spitsbergen 

(Hyvarinen, 1970), where the marine to freshwater transition also 

results from deglaciation of a coastal site· or subsequent isostatic 

rebound. Fine-grained black sulfidic clayey silt layers have also 

been documented in cores from fiords in Alaska (Hoskin and Burrell, 

1972) and in cores from the Black Sea (Berner, 1970a), where the 
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black coloration of the sediment is due to the presence of iron 

monosulfides, mackinawite ( Fe1.xSx) and greigite (Fe
3

S4 ). These 

unstable sulfide phases are precursors to pyrite (Fe S2), which 

normally colors the sediment gray. The black precursor minerals 

usually form as a result of attenuated sulfate reduction and limited 

production of H1 S. Pyrite can form from monosulfides if there is 

organic material that can be metabolized and a sufficient sulfate 

supply for use by sulfate-reducing bacteria. Sulfate is usually 

supplied by downward diffusion :"orn the overlying water column. 

Berner(l970a) cites evidence for bl ack monosulfide occurrence in the 
. 

Black Sea relating to periods of l ow sea level and increased 

freshwater influx. Fresh water entering the Black Sea contains only 

0.35 umoles/1 of dissolved sulfate, compared to sea water, which is 

more enriched (28 umoles/1). In the Seaufort Lakes area, it is 

possible that saline bottom waters were retained in the lake bottoms 

shortly after the emergence of the basin. This would delay the 

influence of freshwater incursioR until the dissolved sulfate was 

removed by reducing bacteria. Black sediment would be deposited 

during emergence, as opposed to the gray pyrite-rich sediments 

typical of normal marine conditions. Although usually not the most 

limiting factor in the transformation of monosulfides to pyrite, 

the availability of elemental iron and elemental sulfur is also 

important (Berner, 1970b). 



- 71 -

_oss-0n-1~nition 

An approximation of total organic material, although only a 

crude estimate, was made by studies of loss-on-ignition on two cores 

from Beaufort Lake 3. Percent weight loss in core 3-6 

varied from a high of 3% in the upper lacustrine sediments to a low 

of 0.7% in the marine unit. Minima in percent weight loss appear to 

correlate with several black laminated zones at 120 em (lacustrine), 

165 em (marine) and at the marine-lacustrine transition at 131 to 

140 em. Several low values are also observed in core 3-2 in the 

115- to 120-cm zone and in the 135- to 140-cm zone. Weight loss in 

this core varied from 2.4% in the lacustrine sediments to 0.75% in 

the marine sediments. In both cases, the lowest average values are 

seen in the transitional units. These variations downcore may be 

the result of several processes operating simultaneously. Emergence 

of the basin from the sea exposes more wet lowlands in the basin for 

establishment of vegetation, increasing the available organic 

material. The establishment of vegetation would be delayed somewhat 

after emergence and a lag in organic input would be recorded in the 

sediments. Furthermore, the change from marine to freshwater 

decreases the sulfate flux to the bottom sediments and kills the 

marine biota, eliminating this source of organic matter. 

Grain size variations 

The variability of grain-size distribution (% sand, silt, clay) 

in the sediment cores was analyzed to detect changes in the 

depositional processes within the basin. While some of these 
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processes are climate-dependent, and hence may record a climat~c 

signal, others may result from physical processes that have little 

or no climatic significance. Sandy sediments (>62 um) can be 

introduced into deep water (both marine and lacustrine) by turbidity 

currents that flow into the basin from the prodelta slope. Stream 

0 
water from snowmelt (which varied from 1.5 to 6 C) carries sediment 

into the lake, where present-day waters are less dense (ca. l°C). As 

the stream water enters into the lake, it may flow beneath the less 

dense lake water as a turbidity current transporting sediment into 

the basin and producing graded beds (cf. Gustavson, 1975). 

At Beaufort Lakes in 1981 and 1982, the two major streams 

flowing into Lake 2 started to flow in early to mid-June with 

discharge peaking in late June. Snowmelt decreased through early 

July and esentially terminated in August as snow rapidly melted from 

the basin. Although this annual pulse of discharge, with concomitant 

sediment influx, is clearly a response to seasonal warming, the 

amount of water discharged into the lake is limited by the volume of 

snow in the basin. Additional runoff is negligible because of the 

low precipitation and short melting season (Coakley and Rust, 1968). 

Since major precipitation events in the High Arctic areas depend 

upon open water for a source, such as an ice-free Baffin Bay during 

periods of climatic warming (Bradley, 1978; Bradley and England, 

1979), both increases in warming and precipitation should correlate 

with periods of coarse fluvial input into the basins. 

Alternatively, it should be stated that all graded beds are not 



- 73 -

necessarily deposited as a response to seasonal warming. Graded 

beds in the glaciolacustrine environment may represent processes 

such as prodelta slope failure and turbidite depositionduring the 

melt or frozen season (Shaw et al., 1978). 

During marine submergence, sea ice (pack ice, icebergs and 

landfast ice) plays an important role in sediment transport. Coarse 

sediment may become entrained as sea ice becomes grounded onshore or 

compressed and buckled to the sea bed in up to 30 m of water 

(Reimnitz et al., 1978). Sediment incorporated into basal layers of 

ice by regelation may be rafted and released during transport. 

During cold periods, landfast ice and pack ice may have completely 

sealed off inlets to the extent of forming incipient ice shelves in 

coastal embayments and fiords (Crary, 1960; England, 1983). Ass 

result, drifting ice may have been excluded from inlets resulting 

from minimal deposition due to ice rafting. In contrast, during 

warm periods sea ice may have penetrated fiords and inlets 

leading to more erosion, entrainment, and sediment deposition. 

During emergence of the lake basin, as the threshold of the 

basin passes through wave base, coarse sediments may be winnowed 

from previously deposited glaciomarine sediments and transported 

into the basin by estuarine currents (Rust and Coakley, 1970) or by 

icebergs and sea ice grounding over the shoal. This latter process 

is also most effective during periods when the embayment is not 

locked in ice. 

While the observed changes in grain size in the cores from the 
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Beaufort Lakes basin reflect environmental changes in the basin or 

changes in regional climate, it is difficult to reference these 

changes to a rigorous chronologie framework (Retelle,l9o85a~stimates 

on some of the more obvious changes can be made using the revised 

relative sea level curve described in the previous chapter. Thus, 

the black sulfidic marine to lacustrine transition sediments in the 

cores represent time lines for each basin and can be used to predict 

the emergence of that lake basin. Sedimentologic changes downcore 

will be referenced to these horizons. 

The longest marine record from core sediments is contained in 

core 3-8 (Lake 3), where approximately 2 meters of glaciomarine 

sediments underlie lacustrine sediments (Fig. 5 ). The marine to 

lacustrine transition contact at 200 em is estimated at ca. 5600 

B.P. (Retelle, 1985a). In addition, an accelerator radiocarbon date 

was obtained on in situ bivalves at 220 em and was dated at 7060 + 

660 B.P. Several pronounced changes in sand percentage are visible 

in this core. Sand content decreases from 28% below the contact 

(210 em) to only 1% at 95 em. This decrease and the other abrupt 

decreases in the marine-lacustrine contact in other cores, most 

likely reflect shoaling of the basin and reworking of the threshold 

by waves, currents, and drifting ice. Other high percentages of 

sand, from a period of higher sea level than during emergence, most 

likely reflect increases in runoff and ice rafting when sea ice was 

mobile during climatically warmer periods. At 335 em, the abundant 

sand content drops off abruptly to a mean of 4 % between 335 and 380 
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em. England (1983) has suggested that during the glacial maximum 

(ca. 11,000 to 8000 B.P.), ice shelves may have existed in some of 

the inlets and fiords precluding driftwood entry and also restricted 

the growth of fauna, producing the barren silts that are common near 

the marine limit in some of the High Arctic inlets. This closure of 

the iglets would also resulted in a decrease in the amount of 

ice-rafted sediment. Additionally, the relatively small size of 

deltaic features graded to the marine limit shorelines on 

northeastern Ellesmere Island also attests to the limited fluvial 

sediment input during the glacial maximum (England, 1983). 

The interpretation of grain size changes in Lake 2 is difficult, 

as only a very short segment of marine sediments was recovered and 

the overlying lacustrine sdiments are fine clayey silts wih a 

maximum sand content of 1 %. Changes in bulk magnetic 

susceptibility (which is magnetic grain size dependent) demonstrate 

some fluctuations in the basin hydrology since emergence (Fig. 6 ). 

A gradual upcore decrease in susceptibility, visible from 420 em to 

the surface may reflect either overall decrease in availability of 

62 um magnetite (Chernicoff, 1984) or a decrease in stream capacity 

since emergence (Bjorck et al., 1980; Thompson et al., 1980). 

Superimposed on this overall decreasing trend are minor 

susceptiblity inceases that may indicate periods of increased runoff 

due to warming and increased precipitation (260 em, 230 em, 100 em), 

although it is difficult to estimate when these changes occurred. 

In Lake 1, which emerged at approximately 2600 B.P., a gradual 
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transition from the marine sediments at 190 em (14 % sand) occurs 

through the emergence contact (167 em, 6 % sand) to the overlying 

lacustrine sediments that contain 0 to 3 % sand below 100 em. 

Additionally, maximum sand contents in the marine unit are not as 

high as those from Lake 3 (where sand maxima are 23, 24, and 28 %). 

In Lake 1, sand contents reached one maxima of 21 %at 215 em. This 

may illustrate that ice rafting was more prevalent during the 

emergence of Lake 3 (hence more open water) than at 2600 B.P., when 

Lake 1 emerged during a colder period with less fluvial input and 

extensive landfast sea ice. 

Porewater chemistry 

To estimate the water chemistry i n the depositional environment 

during different sedimentation episodes in the basin, geochemical 

analyses were conducted on porewater extracted from the marine, 

transitional, and lacustrine sediments. Similar studies on 

depositional sequences have attempted to estimate depositional 

paleosalinities in various transitional environments. Ericsson 

(1972, 1973) extracted chloride and the cations Na, K, Ca, and Mg to 

estimate the paleosalinities during the transition from the 

freshwater Ancylus Ice Lake to the brackish Littorina Sea. In that 

study, chloride, sodium and potassium were determined to be 

inadequate to determine paleosalinity, although calcium and 

magnesium were considered valuable. The analyses were correlated to 

a diatom stratigraphy which paralleled changes in the geochemistry. 

Friedman and Gavish (1970) compared interstitial water with 

overlying waters in several transitional environments (shelf, 

lagoon, deltaic, estuarine, and salt marsh ). Trends of various 

ions in their study show that, in several environments, porewaters 

had either higher or lower ionic concentrations than that of the 
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overlying water column. Several factors that influence the ionic 

concentration present in the porewater including the composition of 

the inflowing water, geochemical conditions at the sediment/water 

interface, post-depositional exchange with clay minerals, 

dissolution and precipitation of minerals, and post-depositional 

diffusion of porewaters. 

The ·analysis of porewaters from Lake 2 (Fig.7) shows very 

slight changes downcore; however, small increases in all the ions 

are seen at the 400-cm level in the lacustrine unit. The values for 

Na range from a low of 26 ppm at 145 em to a high of 91 ppm at 425 

em. A single sample from the marine unit in this core was only 35 

ppm. A similar parallel increase at 425 em is also seen for 

potassium. Concentrations of calcium and magnesium in this lake are 

the lowest of the three lakes with ranges of 15 to 62 ppm and 5 to 

17 ppm, respectively. Chloride concentrations vary in parallel with 

Na and K and are less than 200 ppm. 

Porewater chemistry from Lake 1 (core 1-1, Fig. 8 ) shows the 

greatest variations through the sedimentary sequence. Average 

sodium values decrease from the marine (210 ppm) to transitional 

(188 ppm) to the lacustrine sediments (43 ppm). Parallel decreases 

are seen forK (74 to 71 to 10 ppm) and Mg (210 to 244 to 9 ppm). 

Calcium ion trends do not parallel the other three; a distinct 

decrease is seen in the black transition unit. A marked decrease of· 

Ca from 1039 ppm in the marine facies to 9 ppm in the lacustrine 

sediments demonstrates a salinity decrease. Chloride shows similar 
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fluctuations as the cation concentrations. The highest values for 

chloride in the three lakes are found in the glaciomarine unit in 

Lake 1 reaching approximately 300 ppm. 

The present day waters of Lake 3 have the highest ionic 

concentration of the three lakes, however the porewater 

concentrations are neither the most concentrated nor do they show 

abrupt gradients at the lacustrine-marine transition. High Ca 

concentrations in both cores from this lake are found at or below 

the transition zones from the cores. Values exceed 1600 ppm, and Ca 

concentration is thus more concentrated than in sea water (1290 

ppm). Slight decreases for Na, K, and Mg are found at the 

lacustrine-marine contact and above in cores 3-4 and 3-5 (Figs. 9 

and 10). Mean values for the lacustrine, transition, and marine 

sediments all indicate slightly higher concentrations 

downcore in the marine unit. 

In all these lakes, it is evident that ionic concentrations in 

the marine unit interstitial waters are lower than those of sea 

water~ and that porewaters in the lacustrine sediments 

are more concentrated than the overlying lake waters. Thus, 

downcore profiles of ionic concentrations do not accurately 

represent paleosalinities of the depositional waters. Moreover, the 

actual concentrations and downcore profiles differ significantly 

among the three basins. To ascertain whether these changes 

represent a simple dilution of seawater during the evolution of the 

basin, or an interaction of the porewaters with the solid phase of 
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the sediments, cation concentrations were normalized to chloride, a 

relatively conservative ion which does not enter into the same 

exchange reactions as the cations. If simple dilution of the 

seawater was the cause of the variation, as in fiord waters (Knight, 

1971), cation/chloride ratios would essentially remain the same as 

in sea water (Tepper, 1980). 

Figures 11 and 12 show downcore variations in the 

cation/chloride ratios relative to the ratios of mean ocean water, 

overlying lake water, and snowmelt runoff values from the inlet of 

Lake 2. The profiles of cores from lakes 2 and 3 indicate that the 

cations, except for Na, are enriched with respect to chloride in the 

marine sediment porewaters, as compared to the ocean cation to 

chloride ratios. Sodium varies closely around the mean for ocean 

waters in all three cores from lakes 2 and 3 (Figs. 1~ and 12), 

and thus appears to be a simple dilution of sea water, unaffected by 

other post-depositional changes. Potassium/chloride ratios are 

variable within the three lakes. In Lake 2, the ratio is equal to 

or slightly greater than lake water, while in Luke 3 (core 3-4) the 

ratio is lower than the lacustrine waters. In Lake 1, the ratios 

are much greater than ocean water. Calcium in the marine sediments 

is enriched compared to ocean water; however, the ratio is much 

lower than that in present lake water and more closely approximates 

that of the inlet water. Magnesium/chloride ratios follow 

approximately the same trend as calcium/chloride, indicating 

enrichment relative to marine waters and depletion relative to 



- 84 -

core 2·2 

0 

1o9 No'/Cr 
0.1 I ~ 10 .()1 .....,.-.,....._____..__.._ _ _,_~ 1o9 K•tcr 

Ql I 

i 
'i 
I 
i 

200 ! 
I 
i 
I 
i 

300 

, I 

400 
I 
I 
I 
I 
I 
I ; ~0 0: o 0 L 

core 3· 4 

Figure 11 

lo9 No'/ cr lo9 K'/CI . 
01 ~ 10 QOI 0.1 I ~ 10 0 1 

LO 0 01 

Cation/chloride ratios of interstitial waters from cores2-2 & 3-4 
plotted versus depth downcore. Arrow on left represents the 
location of lacustrine-marine transition in the core sediments. 
Line L = ratio of cation to chloride in present-day lake water. 
Line 0 = ratio of cation to chloride in ocean water. Line I = 
ratio of cation to chloride in inlet water from Lake 2. 



- 85 -

core 3-5 

~ 10 .()1 .0~ 
199 K•;cr 
a~ 1 10 

I 
i 
I 
I 
i 
I 
i 
i 
I 
I 

(em) .. I 
i 
i 

tb :L 0 

core 1-2 

log No'/Cr log K'/Cr log Co2•t cr log Mg2•;cr 
0.1 5 10 Dl 0.1 0.1 

Or---~~.~, ~--~--J 

t"j I !• 
i ' 

10 . 5 10 
I e 

0.1 10 

!•= 

em 

200 

r e 12 

' I 

I 
L 0 

r 

I 
I 
I 

I 
: i 
! i 
! . 
i I 
! I 
j l 
i I 
; i 
i i 
! i . 
!10 L 

I 
i 
I 
i 
6 

• I 
i 
i 
i 
i 

n 
i : 
I L 

Cation/chloride ratios of interstitial waters from cores3-5 & 1-2 
plotted versus depth downcore. Arrow on left represents the 
location of lacustrine-marine transition in the core sediments. 
Line L = cation/chloride ratio in present-day lake water. 
Line 0 = cation/chloride ratio in ocean water. Line I = cation/ 
chloride ratio from inlet water of Lake 2. 



- 86 -

present lake waters. 

All the cations in the marine sediments in Lake 1 (Fig. 12) are 

more enriched than ocean water. Lacustrine sediments (only one 

sample analyzed for chloride) are more variable but show values for 

Mg/Cl and Ca/Cl similar to those of Lakes 2 and 3 and slightly 

higher Na/Cl and K/Cl than the present l ake waters. 

Thus, not only do the actual concentrations of ions vary from 

the depositional waters, but the relati ve cation:chloride ratios 

from the interstitial waters differ as ~ell. Several environmental 

an~ sedimentologic factors may influence the variations that are 

seen in porewater chemistry (Sharma, 1970), including: 1) changes in 

the depositional waters, 2) mineralogy, 3) differential ionic 

movement due to diffusion, compaction, and semi-permeable effects of 

clays, and 4) cation exchange. 

Several distinct changes in chemistry of the depositional 

waters have occurred during the evolution of the basin. Microfossil 

(foraminifera) evidence suggests that salinity during marine 

submergence was close to normal marine salinity of 33 to 34 0/00. 

Marine waters were probably less saline closer to the inlet streams 

near the margin of Lake 2, yet the cations were diluted in 

proportion to sea water, as in fiord ~ater (Knight, 1971). As 

isostatic uplift progressed, estuarine conditions would have 

prevailed and chemical stratification would have developed (Rust and 

Coakley, 1970). At that time, exchange of sea water would have 

occurred until the basin thresholds emerged beyond the highest tidal 
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range. Saline conditions probably existed at the sediment-water 

interface after the basin was isolated as a lake. Remnant sea 

water, trapped in lake bottoms since emergence, has been discovered 

in several high latitude lakes on northern Ellesmere Island 

(Hattersley-Smith et al., 1970; Jeffries et al., 1984) one of which 

had bottom water dated at 3000 years B.P. (Long, 1967). Other 

chemically stratified arctic lakes of this type have been reported 

in Norway (Strom, 1957, 1961). Saline conditions were probably 

prevalent long after emergence, but this changed as the chemocline 

dissipated due to diffusion (Jeffries et al., 1984). 

Changes in the lake chemistry have occurred since emergence 

either by mixing of old sea water, once isolated at the base of the 

lake, with freshwater or by evaporative concentration. A 

combination of these factors possibly explains the differences in 

Lake 3 from the other lakes, as it has much less freshwater input 

and a very restricted, shallow outlet. 

Many previous studies have also indicated that mineralogic 

composition dictates the interstitial water composition, either by 

dissolution of the solid phase contributing to the porewater, 

precipitation depleting the porewater, or by cation exchange (Siever 

et al., 1964; Friedman and Gavish, 1970; Sharma, 1970; Sayles, 

1979). Friedman and Gavish (1970) report decreasing cation/chloride 

ratios for magnesium, potassium, and sodium, which all move into 

exchange positions in the surface sediments. It is suggested that 

Na ions undergo rapid exchange with Ca at the sediment/water 
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interface as fluvially entrained sediments enter the sea (Sharma, 

1970). Other studies have provided conflicting evidence, citing 

dissolution of K from potassium feldspar, which increases the 

concentration in the pore fluids (Siever et al., 1964; Friedman and 

Gavish, 1970) Increases in calcium may be attributed to dissolution 

of sand- and silt-size hornblende and biotite (Sharma, 1970). 

In the Beaufort Lakes porewater studies, all the ions in the 

marine sediments appear to have been enriched compared to the 

cation/chloride ratios in sea water, with the exclusion of sodium in 

Lakes 2 and 3, which appears to be rather conservative. As 

mentioned above, the clay mineralogy is a chlorite-illite detrital 

assemblage, which would probably deplete Mg and K by adsorption. 

However, there are no correlations between the clay mineral 

assemblages and the porewater cation concentrations in the 

sediments, with the possible exception of the cores from Lake 3. 

These cores demonstrate that there i s twice as much illite as 

chlorite than in the other two lakes. The water chemistry in this 

lake is several times more concentrated than the other lakes, 

possibly indicating a longer residence time of old sea water and a 

prolonged interaction of the sediments with more saline solutions. 

Cation exchange studies may prove some of this variance. 

A likely contributor to high concentrations of calcium and 

magnesium in the sediments and waters of the lake is dissolved 

carbonate from the underlying calcium carbonate and 

dolomite-cemented Imina Formation. In some instances, especially 
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below the lacustrine-marine contact in cores from Lakes 1 and 3, 

calcium concentrations exceed that of sea water. Magnesium 

concentrations are below those of sea water; however, the 

magnesium/chloride ratios exceed marine values. 

A very important factor in the variation in porewater chemistry 

is the post-depositional diffusion and migration of the porewaters, 

influenced by sediment compaction and flow of groundwater through 

the sediment column. This factor may explain major changes in both 

the original concentrations below the sediment/water interface and 

later alteration by dilution after the basin has been isolated from 

the sea. During sediment compaction, cation concentrations may be 

increased by clay minerals and other fine particles acting as 

semi-permeable membranes, allowing passage of water and retaining 

ions ( DeSitter, 1947; Siever et al., 1964;. Sharma, 1970). The 

results of this process are difficult to quantify, however, due to 

variations in mineralogy, grain size, and overburden pressure. 

Post-depositional diffusion due to the flow of groundwater, 

however, is probably a more influential and obvious factor in this 

study. Downcore chemical profiles (Figs. 7 to 10) illustrate that 

the diffusion effect has progressively altered the porewater 

composition since the emergence of the basins from the sea. 

Profiles from Lakes 2 and 3 (Figs. 7 , 9 and 10) are essentially 

isochemical downcore, the marine units having no greater 

concentration than the lacustrine sediments. Lake 1, however, shows 

abrupt concentration changes at the lacustrine-marine transition 
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(Fig. 7 ). This illustrates that Lake 1, which probably emerged 

from the sea over 2000 years after the other lakes (Retelle, 1985a) has 

been less affected by post-depositional fluid migration through th~ 

sediment column. Forewaters driven out of the marine sediments 

would migrate upwards through the lacustrine sediment and enrich 

these sediments relative to the overlying lacustrine waters (Fig. 

13). This type of migration has been ocumented in a temperate lake 

in southern Canada. (Frape and Patterson, 1981), where a 

tritium-contaminated groundwater plume has migrated down the 

hydrologic gradient from a waste site into sediments underlying a 

lake. Interstitial waters from deep in the sediment column migrated 

vertically through the sediments in the middle of the lake and at 

more of a shallow trajectory near the shore. Vertical migration 

such as this could indeed have had an effect on the porewater 

assemblage of the Beaufort Lakes cores, as most of the cores were 

recovered in the centers of the lake basins. 

Paleontology 

Evidence from micro- and macrofossil assemblages from the core 

sediments further demonstrate that the porewater ionic 

concentrations do not reflect the original depositional salinities. 

In Lake 3 (cores 3-4 and 3-5) the marine microfauna was sampled 

at about 10 em below the lacustrine-marine contact. The assemblage 

was dominated by Islandiella helenae ,a species abundant in High 

Arctic water with salinities of 33 to 34 0/00. In contrast, an 
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analysis of sediments directly below the emergence contact in ~ke 1 

shows that estuarine conditions prevailed during the isolation of 

the basin (Vilks, pers. comm., 1983). It is highly possible that 

the normal marine assemblage below the emergence contact in Lake 3 

is unconformably exposed, with the estuarine sediments having been 

removed by iceberg or fast ice scour. 

Macrofossils found in the marine sediments include Portlandia 

arctica and Astarte borealis , both with paired valves and in growth 

position. Portlandia valves were found in growth position in the 

sediment cores among forams repesenting estuarine (Lake 1 core) and 

normal marine conditions (Lake 3 cores), demonstrating the variable 

conditions tolerated by this species. This bivalve was also found in 

growth position within the black sulfidic sediments of the emergence 

zone in the cores, further illustrating its tolerance for low 

salinity conditions. Portlandia have been recovered from fiords in 

eastern Baffin Island in water depths up to 230 m (approximately if 

C) with bottom water salinities of 30 to 32 0/00 (Gilbert, 1982). 

In contrast, Spjeldnaes (1978) describes that the Portlandia 

community lived in a layer of "fiord water" at 0°to SoC and salinity 

< 25 0/00 at depths up to 200 m in Oslo Fiord. As the Portlandia 

valves were found within approximately 20 em of the 

marine-lacustrine emergence contact in the cores, the inferred water 

depths for these communities ranges from 10 to 30 m, which is at or 

slightly deeper than the present water depths of the lakes. 
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Summary 

The sedimentary sequence in the Beaufort Lakes basin represents 

glaciomarine sedimentation followed by progressive uplift and 

isolation of the three lakes from the sea and subsequent lacustrine 

sedimentation. A transitional facies between the marine and 

lacustrine units in each basin represents a period during which 

denser saline bottom water lay beneath freshwater of the newly 

formed lake basin. Sedimentological and paleontological evidence 

from the sediment cores demonstrate periods when sea ice was mobile, 

fluvial input was increased, and the embayments were relatively 

open. These findings can be correlated with other evidence for 

Holocene climatic change in the arctic regions. 

Pre-8000 B.P. 

Prior to initial isostatic emergence in the Robeson Channel 

area, the sea stood at the marine limit in the Beaufort Lakes basin 

(116m, Fig. 14). At this time, northwest Greenland ice and 

interior Ellesmere Island ice masses were at their last glacial 

limit, separated by a 100-km corridor. In the Beaufort Lakes 

embayment, the marine limit shoreline (dated at 8050 + 120 and 8255 

+ 215 B.P.) consists of a poorly defined gravelly washing limit 

overlying glaciomarine silts. The fossil assemblage that was dated 

includes a relatively sparse collection of Hiatella arctica and 

Portlandia arctica in growth position at 90 to 95 m. Beaches at the 

marine limit in other nearby embayments (Retelle,l985b ) were also 
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Figure 14: Environmental conditions in the Beaufort Lakes Basin during 
the last glacial maximum, ca. 8000 to 8200 B.P. 
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poorly develop ed and contained a sparser fauna in comparison to 

younger, lower elevation marine deposits. England (1983) 

interpreted the presence of "barren silts" prevalent in some of the 

inlets of northeastern Ellesmere Island as due to pervasive landfast 

sea ice or ice shelves that seal off the inlets and fiords and 

inhibit faunal occupation and driftwood penetration. Sediments from 

the base of core 3-8 (Lake 3) demonstrate a period when ice rafting 

and fluvial input decreased due to climatic deterioration during the 

glacial maximum. No macrofossils were found at lower depths (below 3 

m) in this core, further suggesting that condiions were unfavorable 

for fauna in deeper portions of the embayment (ca. 100 m depth) 

although the presence of Hiatella arctica and Portlandia arctica 

near the shoreline of the embayment may indicate an open shallow 

lead where a marginal community could live. 

6000 to 7000 B.P. 

Initial isostatic uplift in the Robeson Channel area resulted 

from the retreat of Greenland and Ellesmere Island ice from their 

maximum last glacial stands at around 8000 B.P.(Retelle. 1985b). As 

climate ameliorated in the High Arctic and glacier retreat 

progressed more rapidly, uplift proceeded at a faster rate (Retelle, 1985a). 

The basins of Lakes 2 and 3 emerged during this period of 

climatic warming (ca. 5600 B.P., Fig. 15 ). The warming of climate 

and subsequent breakup of sea ice in the inlets can be demonstrated 

by the increased sand contents in the Lake 3 cores. This is 
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presumably due to increased runoff and ice rafting. In addition, 

macrofaunaarerelatively abundant in the cores, with the occurrence 

of Portlandia arctica, Astarte borealis and several gastropod 

species. Microfauna indicate normal marine salinities in the basin 

at this time. 

Evidence from other areas in the arctic regions demonstrate 

climatic warming during this period. Because of the breakup of sea 

ice between 6000 and 4200 B.P., driftwood penetrated High Arctic 

fiords and inlet with greater ease (Stewart and England, 1983). 

Similarly, because of the generally more open circulation in the 

northern seas, drifted pumice accumulated on shorelines that dated 

ca. 5000 B.P. on southern Ellesmere Island and Devon Island and in 

Spitsbergen on shorelines that date between 4800 and 7000 B.P. 

(Blake, 1970). 

Stewart and England (1983) also report that the marine bivalve 

Limatula subauriculata, a subarctic mollusc normally found below 72° 

N inhabited a north coast fiord on Ellesmere Island at ca 6400 B.P. 

Similar northerly range extensions 6f the species Mytilus edulis, 

Macoma balthica, and Chlamys islandicus have occurred in the north 

Atlantic and Arctic waters due to the northward encroachment of 

warmer Atlantic waters between 8200 and 2800 B.P. (Andrews, 1972). 

The oxygen isotope record from ice cores from the Greenland Ice 

Sheet and various ice caps in the Canadian Arctic concur with 

evidence cited above that suggests an early to mid-Holocene warm 

period. The isotope record from the Camp Century ice core 
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(Dansgaard et al., 1970) shows c1 8 omaxima (> -29 0/00) between 7000 

and 4400 B.P. The Devon Island ice core record (Paterson et al., 

1977; Fisher and Koerner, 1980) shows trends broadly similar to the 

Camp Century core, with the Climatic Optimum occurring at ca 5000 

B.P. The isotope record from both cores indicates a deterioration 

or cooling trend from the mid-Holocene toward the present. 

ca.3000 B.P. to present 

The Lake 1 basin emerged from the sea during a period of 

climatic cooling that followed the ~d-Holocene Climatic Optimum. 

In the High Arctic, this cooling is seen in the ice-core records, 

the relative scarcity of driftwood due to an increase in landfast 

sea ice (Stewart and England, 1983) , and late Holocene glacier 

advances (Hattersley-Smith et al., 1955; Blake, 1975; Davis, 1980). 

Sedimentologic evidence from the Lake 1 basin demonstrates a 

period of moderately coarse sediment influx prior to the lake 

emergence (Fig. 5 ) and a gradual transition from coarse to fine 

sedimentation through the emergence contact. The decrease in coarse 

material during emergence may indicate the formation of landfast sea 

ice, which sealed off the basin during this colder period (Fig.l6). 

The stabilization of ice in the embayment would preclude the entry 

of icebergs carrying sediment, as well as decrease the coarse 

sediment input from erosion of the shorelines and basin thresholds 

by mobile sea ice. The microfauna! assemblage below the transition 

sediments reflects estuarine conditions during emergence of the 
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basin. The presence of this fauna immediately below the contact 

further illustrates that scouring did not occur on the sediment bed 

during emergence. In contrast, during Lake 3 emergence, sea ice was 

probably more mobile and ice-scouring of the sediment bed exposed 

sediment with a microfossil assemblage typical of normal marine 

salinity (33 to 34 0/00) unconformably below the emergence contact. 

The formation of landfast sea ice in the embayment during the 

mid- to late Holocene period of cooling was most likely synchronous 

with the formation of the larger scale ice shelves on the north 

coast of Ellesmere Island. On the basis of the youngest radiocarbon 

dated driftwood behind the Ward Hunt Ice Shelf, Crary (1960) 

estimates that the initial formation of the ice shelf and closure of 

Disraeli Fiord occurred at around 3000 B.P., although Lyons and 

~ielke (1973) dated marine fossils (shells and sponge material) from 

basal layers of the ice shelf and indicate that initial formation 

was underway by at least 3700 B.P. Likewise, driftwood exclusion 

from Clements Markham Inlet, also on the north coast of Ellesmere 

Island, began at ca. 4200 B.P. Hence, the trends of decreasing 

coarse sediment input in the Lake 1 basin prior to emergence at 

around 2600 B.P. probably reflect the same cooling cooling trends 

seen in other climate proxy records for the period prior to 3000 

B.P. 
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GLACIO-CLIMATIC STUDIES OF A HIGH ARCTIC PLATEAU ICE CAP, 

PART I: MASS BALANCE 

Raymond S. Bradley and Mark C. Serreze 

University of Hassachusetts, Amherst. 

ABSTRACT 

11ass balance measurements have been renewed on two s mall ice caps on 
northeastern Ellesmere Island. Original stake networks were established 
in 1972 and 1976. Since then, both ice caps have experienced significant 
mass losses averaging -70 to -140 kg m 2 a They have also decreased in 
a rea. The equilibrium line in this area has averaged around 1150 m for 
the last decade or so. The ice caps are remnants of former climatic 
conditions and are out of equilibrium with contemporary climate. 

I NTKODUCTIO 

The Hazen Plateau of northeastern Ellesme r e I s land is a broad upland area 

extending 70 km from the United States Range i n the west to Robeson 

Channel in the east (Figure 1). The upland is di ssected by deep glacial 

troughs, which formerly drained ice from the mountains in the northwest 

towards the southeast. Hill summits are extreme l y flat, generally 

exceeding 600 m in elevation and occasionally reachi ng >850 m above 

sea-level (Figure 2). Most of these upland surfaces are currently 

unglacierized, the local glaciation level ranging from 700 m to 1000 m 

(Miller, et al., 1975). A noteable exception to this is the region north 

of St. Patrick Bay (Figure 1) where two small ice caps occur; these are 

the northeasternmost ice bodies in the Queen Elizabeth Islands. They 

are referred to, unofficially, as the "St. Patrick Bay Ice Caps". The 

larger of the two ice caps is the primary focus of this report. 

Meteorological studies on and around the ice caps are discussed elsewhere 
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Bradley and Serreze, 1985, Serreze and Bradley, 1985). 

PREVIOUS \tJORK 

No reference to the ice caps has been located in any historical 

li terature in spite of the iact that tl1ey are relatively close to where 

botl1 the Greely and Nares expeditions spent considerable time (in 1875-70 

and lbbl-04 respectively). In particular, tile Cr eely expedition explored 

much of the region around fort Conger, but no notation of these features 

was made. Possibly extensive snow cover on the higher reaches of the 

plateau in the late lS!th Century would have made Greely, et al. oblivious 

to their presence. 

Photograpl1ic coverage of the ice caps is quite good beginning with the 

PULA1US triflletrogon survey in 1947 (Table l). Although of poor quality 

these vhotogrnphs show extremely snoH-frec conditions across the ilazen 

Plateau at the Ume of the survey (Jul y 24)(Figure 2). Similar 

concl:itions prevailed in JlJ'JlJ; by July bth, aU winter i:.lCcumulotion hac! 

disappeared and the undcrlytn g dirt-laden ice ,,·as exposed (Figure 3). 

Recent 10\v-level coverage in 1')74 follo1.;eu a periou of sn01.;fall. so the icc 

caps appear snow-covered, even tnough tt1e su rrounding pJ.atenu 11as 

snow-free at thnt time (August 4th). Finally, low-level coverage was 

repeateu in 1978, revealing a dirt-laden lee surface Hitll meltwater 

channels clenrly visible. 

The ice caps were first visited in 1972 \vhen conditions, late in the 

ablation season, were radically different from those sl1own on the 1959 

aerial photographs. by August 2U-21 there was "partial cover of winter 

snow all around the ice margin for at least a kilometer" (llattersley-Smitll 
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TABLE 1 

Aerial Photographs of the St. Patrick Day Ice Caps 

Date Survey 

24 July llJ47 JJolaris 

Trimetrogon 

0 July l<J59 !Jcpt. Energy 
!·lines & 
Hesources 

4 August 1974 Glaciology 
Division 

1 August 107b Glaciology 
lJ"ivision 

Scnle 

l:clO,OUU 

l:2U,UUU 

1:23, UUC; 

1.ll.£ 

Oblique only 

Black \1 

"" white 

Vertical and 
oblique 

l3lack () white Cl< 

\"erticn L 

Co lor 

·ert ical 

Colo r 

Conditons 

Plateau completely 
snow-free 

Plateau and ice caps 
snow-free; ice cap 
surface is dirt-laden 
ice showing layering 
and surface drainage 
channels. 
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Oblique aerial photograph of Hazen Plateau looking 

towards United States Range and Lake Hazen (left, rear) 

from location of arrow in Figure 1. (Copyr~ght: Canadian 

National Map Collection: NMC-7Ml54 186 RT, July 24, 1947). 
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Vertical aerial photograph of St. Patrick Bay Ice Caps 

(Copyright: Canadian Government; air photograph 

A-16608-15, July 6, 1959). 
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nd Serson, 1973). A network of eight ablation stakes was installed at 

: ha t time; one additional stake was added in 1975 C•r. Serson, Pers, 

.::omm.). The area was not re-visited again unti l the summers of 1982 and 

- 08 :5 \vhen a topocl imatic study of the ice caps wa s initiated by the 

0ni versity of Hassachusetts. As part of th i s wo r k , t he original stake 

i nc was re-surveyed. A more extensive stake net\.;o r k wa s established 

( l~igure 4a) and two extensive snow dep th and density surveys were made. 

Fi ve stakes were also installed on the smaller (sou t hw este r n) ic e cap in 

l YB 3. In additiion, an ablation stake ne t work estab l ished in J un e , 1976 

on the "Simmonds Ice Cap", "'11 0 km to the southwest (Bradley and England, 

1077) was re-surveyed in Jul y 191:53 (Fi gur e 1) . i<esults of these 

measureme11ts are discus s ed in th e next sec tion. The radiation climate, 

energy balance and topoclimntic s t udie s carr ied out on tl1e main St. 

Pa trick Bay Ice Cap in l9b2 and 19b3 a r e r epo rted elsewhere (Serreze and 

Brad.! ey, 1065, Brad ley and Ser r e ze , 1 'J l5 5) . 

I CE C.\ P ELEV Xl'lU !~ Ai; U di\SS llALA:~ ct 

Elevations of stake s and other fe a tures a re. shmm in 'fable 2. 

Repeated measurements wi t h a prec i sion surveyin g altimet e r provid ed an 

internally consistent set of el evations relative to base camp (Station 

Yankee; Figure 3). Helicop t e r trav e rses to sea-level provided est.Lmates 

of base camp elevation. \ve estimat e tl1e stake e levations sho\vn in Table 

2 ore accurate to within ±1m relative to one 3nother om! 1-:itl!in lLJ 1:1 of 

absolute elevations rel a tiv e to sea-level. The important point is that 

the entire elevut.ional range of the larger ice cap is only about SU m, 

with a summit elevation of approximately 900 m. It is thus extremely 
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SNOW DEPTH SURVEY: June 8-14,1982 

SNOW DEPTH SURVEY: June 16-20, t983 

Figure 4 a) Ablation stake network established on main ice cap. 

Zebra, Yankee, and X-Ray refer to meteorological stations 

maintained in the sununers of 1982 and 1983 (Bradley and 

Serreze, 1985). b) Snow depth survey (em), June 8-14, 

1%2. c) Snow depth survey (em), June 16-20, 19t33. 
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TABLE 2 

Elevation of Stakes and Meteorological Stations (m) 

8o7 
bb7 
bJl 
oG7 
355 
o47 
840 
05(3 
ol>S 

1 
2 
3 
L; 

on and Around St. Patrick Bay Ice Caps 

Meteorological Stations 

Yankee 042 Zebra 1360 

Stakes on Lorge Ice Cap 

lC 882 lA 892 
2C 894 2A 893 
:3C b<.Jb(summit) 3A 805 
4C 694 4A oG2 
sc Bt53 SA oSb 
6C \371 6A bb2 
7V~ tlb7 7A (:)67 
t!C '·, . ') 

0\).J 8A tl6b 
9C d57 9A 854 
HJC 8)4 
llC 85G 

Stakes on S11m 11 lee Ca p 

olU 
7lJU 
77:J 
750 
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flat, and similar in elevation to the surrounding unglacierized hills. 

Considering its topographic setting, the ice cap is probably no more than 

25 m thick at the summit. The smaller ice cap to the west does not cover 

a hill summit and is entirely lower than the larger ice cap. It is 

situated on a northeast-facing sl ope and ranges in elevation from -740 to 

H20 m above sea level. It seems l ikel y that this ice body formerly 

occupied the summit to the northwes t (a trv 865 rn) and possibly the 

southwest, but continued ablation has resulted in ice only being able to 

survive in the most topograph i ca l ly - favo red site. 

Mass balance data are shown in Table 3 . Although liattersley-Smith 

and Serson (1973) were impressed by the ex tensive firn on the plnteau in 

the sununer of 1<)72, the climatic conditions which led to that situation 

have not prevailed. from 1972-1 982 , the ne t balance was quite negative 

(average net balance: -1300 kg m-', based on re-measurements of the 1972 

stake line). This result is support ed by changes in ice cap area which 

are apparent between the 195<) and 1978 photographic surveys. i~e estimate 

that the larger and smaller "St. Patr ick bay Ice Caps" have decreased in 

area by 7% and u :.~ , res pec ti vel y, ov e r th i s i nterval. 

A network of 18 stakes 1vas establ ished on the "Simmonds Ice Cap" 

(Figure 1) .June 7-lu, 1')76. This ice ca p al so occupies a small higher 

elevation sunuuil o1 the ltazcn Plateau, but is considerably higher in 

elevation than the St. Patrick Gay Ice Caps and has greater relief, 

ranging from <1050 m to >1150 m (Bradley and England, 1977). 'fhe stake 

network was re-surveyed on July 11, 19d3 . Twelve of the original 18 

stakes could not be located and are assumed to have melted out. Mass 

balance for the interval 1976-1983 was estimated as follows. For the sjx 
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TABLE 3 

Hass balance Datn for Nortilern Ellesmere Island Plateau Ice Caps{:-

A. St. Patrick i5ny Ice Cap 
(kg m- 2

) 

Average J:lalance.;H:· Southwestern 

\vinter (6/ 12/82) 

Sunm1er (7/'28/'bL.) 

Net 

\<linter (6/lU/83) 

Summer (7/27/ 'd 3) 

Net 

Net balance 

+lo3 

1 '-1 - u 

+1()5 

!3. "Si1:~monds Icc Cap" 

Northeastern 

-BOO 

+159 

-303 

-144 

+118 

-19 

+137 

-488 
liinimum estimate 

.;:-1-~ates in parentheses nrc times of ini.tial anti final snow surveys 3t tile start 
and end of the field seasons . 

.;:--:<\,Yinter balance calculated from stGke network and a ssociated s nov: pi.t Jens :i.ty 
measurements nreally weighted by snow depth distribution; su~ner balance 
calculated from mean of racasureiilents at stake::;. , ·~ ct bal.::mce 1972-t5 2 and 
1976-~3 are averages of measurements at stake line. 
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remaining stakes, the difference from the top of the stake to ice surface 

measurements in 1976 and 1983 was calculated and multiplied by an assumed 

ice density of 0.9. To this value, the difference in water equivalent of 

the snow and firn above the ice surface for the two years was subtracted 

(using calculated water equivalents in 1976 and estimated values in 

1Sio3). For the missing stakes, the same procedure was followed except 

the ice lost was assumed to be onl y equivalent to the original depth of 

stake insertion into the ice. \~eighting the resultant values at each 

stake to sub-areas of the icc cap (using Theissen polygons) gave a mean 

value of -4~H kg m- 2
• Clearly, this is a minimum estimate since the 

stakes whtch survived were all at higher elevations (>1090 m). It also 

nppeared that lilarginal recession of the ice cap hact occurred since the 

1 <.:JS() aerial photo~r;:q>hic survey. lntercstin ;.; ly, stake i:l, 3L the sumr.lit 

of tl1e icc cap showed very little mass loss over the lY76-lY~3 interval 

(-lU kg 1<1-
2

) suggesting that the equiU br.ium line in tlw <Hea has averaged 

around ll5U m during this period. 

lJetailecl snow depth and density measureiilen ts on the larger St. Patrick 

Bay Ice Cap in early June, l<Jo72 indicated a mean \,cinter balance of ,....lSSI 

kg m- 2
• In 1lJtD the figure was 11() kg m- 2 for 1SJ71-7L (Jlattersley-Sml.th 

and Scrson, 1973) though no snow density measurements were made at that 

time and the survey was limited to the stake line. Ablation season 

conditions in 1982 and 1983 were markedly different resulting in quite 

different mass balance conditions for each year. In 1982, mass losses of 

the previous decade (or more) continued at the same rate, the net balance 

0 1 '4 k - 2 averaging - ~ g m • llmvever, the summer of 1 Y83 was much colder and 

snow was common throughout the normal ablation season. As a result, when 

----
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: he field party left at the end of July, there had been a net gain in mass 

on the ice cap of 137 kg m_, for the year. Similarly, the smaller, 

sou thwestern ice cap registered a net gain of 165 kg m_,. It is unlikely 

tha t subsequent conditions in August changed the situa tion significantly. 

DISCUSS lOt\ 

Although no long-term climatic data are available for the ice caps 

themselves, meteorological observations have bee11 made at Ale rt, - 70 km 

to the north, since lYSO. These provide the best available index of 

long-term climatic vGriations in the region . . .el ting degree days 

(c umulative totals of daily above freezing mean temperatures) are a useful 

index of total ablation season warmth . Figure S shows annual and July 

totals of melting degree days (~DD) for the last 34 years. Three aspects 

of the record are worth noting ; firstly, there is large inler-arinual 

variability, particularl y in the early part of the record. Secondly, 

there has been a statistically significant decline in :iDlJ over the period 

of record, amounting to 22 hDD per decade, on 8Verage. Thirdly, it is 

clear that July HDD accoun t for most of the summer '\,rarrr.th", particularly 

in cold summers. The Alert record also enables the recent summers to be 

placed in a longer time perspective. 1083 ranked in the lowest quartile 

of annual MUD, and the lowest decile of July MDD. This was obviously 

reflected in t-he positive mass balance es•timate for 11Jo2-3. By contrast, 

1'11:12 had HDD totals closer to the average of the last 3U years. Judging 

by the i'iDlJ values for the period prior to the mid-l<Jl>Us, and the fact that 

the ice caps have lost considerable mass during the 107Us, there seems 

little doubt that mass losses were considerably greater in the lYSUs and 
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figure 5 :-lelting degree day tot al s (°C) at Alert, annually 

(solid line) and for July (dashed line). Values 

derived from mean dail y temperature. A linear regres~ion 

on the annual data ( y = -:Z .16x + 4451~) is also shm:n. 

The correlation coefficient (r) is -0.34 (p = 0.02). 
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ea rly l96Us. 

To investigate whether scattered glaciological oLservations on 

,orthcrn Ellesmere Island and/or photographic evidence could be used in 

conjunction witll Alert data to provide a general yearly index of ice cap 

- ass balance, Alert wir1ter precipitation totals were plotted against the 

su bsequent summer i'JlJD totals (Fit:;ure u). 

Two points on the diagram are well establi.shed; 1971-2 and 1982..:.3 

~e re clearly very positive mass balance years. It is also very likely 

that 1Yb4-5 was too; according to observations by llat tersley-Smith (1969) 

th e snowline in mid-August 1964, near Tanquary Fiord (~200 km to the 

southwest) was ~ 850 m. Other observations (e . g . lle1t tersley-Smith and 

Scrson, 1')70, liattersley-Smi th, 1Y72) indicate that this was probably 

representative of a larger area of northern Ellesmere Island. Comparison 

with tile Alert data suggests ti1<1t positive balance years are associated 

with NlJD totals of <140. It seems likely therefore that 1954-5, 1967-8, 

197':J-tl0 and 197t>-7 were also positive balance years. It should be noted, 

nowever, that by tl1is reasoning 1958-Y should also have been a very 

positive nmss balance year, but aerial photographs taken on July G (Figure 

3 ) Clearly show the St. Patrick Day Ice Caps devoid of snow with bare ice 

exposed. It is difficult to imagine l1ow this situation arose since (at 

least at Alert) mean daily temperatures had only been above 0°C for two 

weeks prior to this photographic survey. Possibly the plateau had 

received very little snowfall during the winter and/or had been swept 

clear by stront:; winds. Alternatively, the Alert data may not have been 

representative of a wider area in 1959; indeed Hattersley-Smith and 

Serson (1970) in their study of mass balance on the Ward llunt Ice Shelf, 



M00(°C) 
340-

61-2. 
320-

300-

280-

260-

240-

220-

- 122 -

55·6 • 

53-4 
56-7 • • 

65·6 

57-8 

•• 
73·4· 70-71 

66-7 
59·60. 

·.52-3 

•74-5 
•68-9 

200 ~------------------~8~1-~2,_:r-8-~~--e,1--~r------------------x 
79-80e 77-8 • •s2-3 

180-

160-

140-

120-

100 
0 

I I I I 
10 20 30 40 

60-61 63 - 4 

50-51. 75-6 

71·2· 

78-9 • 58-9• 
82-3 
• 69-70 • 

51-2. 

72·3· 

67-8. 

I I I I I I I I I 
50 60 70 80 90 100 itO 120 130 140 150160170 180 190 mm 

Sno\\fall (uuu lvuter equivJlent) durin8 winter months and 
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the autumn and the firs t period of same in the spring (mean 

dates, 1951-83 were Au gus t 25 and June 1M). 
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~ :e that the ice shelf lost mass in 1Y59 and gained mass in 1Y64, wher1 

_ .e Alert data suggest that the reverse would have been true. Clearly the 

- _ert data can only be used as a general guide t o regional climate as 

_ nditions along the northern coastal strip of Ellesmere Island may be 

i te different from the interior. 

Observations of mass balance on the Gilman Glacie r in the 1950s 

:? ro vide another assessment of ELAs in the regi on . I n 1957 and 1958, ELAs 

_n the area ( 100 km \vest-southwest of the St. Put r ick ba y Ice Caps) were 

_2 40m and 1200 m respectively; in 1959 , t he ELA wa s l ower 

' llattersley-Smith, £!_ i!..l· 1901). This is ,,•ha l \<:a uld be expected from the 

Alert data (Figure 6). Aerial pho t ogr aphs of the St. Patrick bay Ice 

Ca ps in August 107(5 sh01v a pr ominent a lJ lati on surface on the ice caps 

i ndicating a negative mass bala nce year. These observations, coupled 

with the 19bl-2 observations of a ne~ative mass balance 0 11 the St. Patrick 

liny Ice Caps, suggest t ha t sur:u11 ers \·:.i th :·ilJU at Alert exceeding 190m 

probably resulted in mnss l osses on tile ice caps. 

variations seem to be of little significance. Tt is worth noting that 

the 1l)d2-J winter bnlnncc 01 1 the ::it. Pntrick L:1y Ice CajJS wa s only 7 Y~ of 

the 19~1-2 winter balance (cf. Alert, Figure 6) yet the lower ~IDD of 1983 

resulted in a positive mass balance*. 

\~e estimate that the clir;talic threshold between net n:ass loss and net 

:nass gain on the St. Patrick i:Jay Ice Ce1ps corresponds to a summer 1..-i th 

between 140 and 190 i·!DD at Alert. Since sunnncrs over the last 35 years 

"\dth lo\-:er sulllmer temperatures, precipitntion is commonly in the form of 

snow rather than rain, which further retards the melt process. 
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have ranged from a minimum MDD total of .vlOS to a maximum of ...... 330, it is 

clear that the dominant tendency has been towards mass losses, 

particularly during the 195Us. Interestingly, daily maximum temperatures 

at Alert during the 195Us commonl y exceeded 15.5°C (with an absolute 

maximum of 2U°C recorded in 1956) . 

reached l5°C. 

Since 1963, maxima have rarely even 

Are the St. Patrick Bay Ice Ca ps a "sensitive" indicator of climatic 

variation? They are certainly vulnerable to small shifts in mean summer 

conditions but, given the range of i• iDD at Alert experienced over the last. 

three decades, the ice caps are by no mean s in equilibrium with 

contemporary climate. In spite o [ occasiona l small mass balance gains, 

larger mass losses in other years preclude any overall ice cap growth. 

They are remnants of a perioJ when HUiJ tota l s exceeding 200 must have ])een 

quite rare and/or wl1en snowfall was ver y much higher than in recent 

years. Overall, the ice caps toda y are ~a sti ng away and will eventually 

disappear if contemporary conditions arc any guide to tile climate of the 

next century or two. In the sense that they provide uo long-t:ena record 

of climate, they do not really provi de any better indication of cli111atic 

variability thau tile Alert instrumenta l r ecorJ. A more useful 

"sensHive" indicator of regional clima te, in the sense ot providing a 

yard-stick !Jy \dt:ich to assess contemJ.lora r y climatic variations, \voul.d be 

provided by a long continuous record from higher elevations such as the 

icc core recently recovered from the f-i er tle Glace Agassiz 200 km to the 

southwest. rlonitor:ing of annual accumulation and ablation season 

conditions can then be placed in a longer term perspective, beyond the 

limited 35 year instrumental record, available for the High Arctic. 
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CONCLUSIONS 

Mass balance studies on small plateau ice cap s of northern Ellesmere 

:s land indicate significant wastage has occurred during tl1e 197Us, in 

spi te of occasional positive balance years. Mass ba lance on the St. 

?a trick ilay Ice Caps was -144 kg i1l-
2 :i.n l<Jtn-2 and +U7 kg rn-

2 in lCJb3, 

Ana lysis of these and other regional glaciol ogical and pho tographic 

observations has been attempted, to place tl1c observations in a longer 

te rm perspective. From thi s analysis it is clear that ove r the last 30 

yea rs the icc caps must have lost considera!.Jlc mass and that t he y are not 

i n equilibrium with the clima t e of r ecent decades . They are remnants of 

a ~eriod in the past wh en •:iJ!l totals at .\lert l·:e r e r a r e l y >200 and/ or lvhen 

s nowfall was heavier. li contcmporaq conditions persist, the icc caps 

will disnpjJear witl!in t ile next 100- LlJU yea r s . 
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GLACIU-CLIHATlC STUDIES OF A dTGii Al<CTIC PLATEAU ICE CAP, PART II: 

TUPUCLDIAT E 

l1y 

liayr;1ond S. Grndley and i'lark C. Serreze 

Universit y of 'tassn chusetts, Amherst. 

ABS'ri-~.\Cl 

1-leteorological observntions on oncl around a small, exiJosed plateau ice 
cap on northeastern Ellesmere Island , :· .\: .T., Canada \.Jere carried out in 
the summers of 1Y82 and 1Yb3. The objective was to assess the effect of 
tile ice cap on local climate as the melt senson progressed. ln 1982 
se3sonal net radiation totals were 101.-est on tile ice cap and greatest at 
the site farthest from the ice cap. The ic e ca p site received only JSk 
of net radiation totals on the surrounding tundra. This reflects a 
gr3dienl in albedo; albedo changed n1ost ~>mrkedl y away from the ice cap as 
the surmner progressed. A thermal gradient •..ras observed along a 'transect 
perpendicular to the icc cap edge; this gradi er1t was greatest at low 
levels (lScrn) and was maximized under cloud-tree conditious. The 
'cooling effect' of the ice cap was less at the start of the ablation 
season than later. Low level inversions occ urred more frequently over 
the ice cap than over the snow-free tun dra . Uverall, melt.iug degree days 
on the ice cap were only 40-uS/; oi t hose on the adjacent tundra. A model 
of interactions bet~Veen the atmosphere and a snow and ice cover, or a 
snow-free tundrn/ielsenmeer surface is pr oposed. Observntions indicate 
that the ice cap has a cool.ing efiect on Lhe lower atmosphere relative to 
tile adjacent snow-free tundrn; this et (eel is absent when snm~ cover is 
extensive (as in l<J~3). llowcver, nny cooli.ng effect o[ the ice cap on 
adjacent areas involves heat flux t o the ice \vhich nmy evcnlu311y lead to 
enhanced abl.ation. 

lt has often been noted tllut posi tive feedbacks between sno\\ and 

icc-covered surfaces and the atlllosphcrc must have played an importnnt part 

in maintaining (and perhaps even enlarging) ice or snow-covered areas 

during the initial stages of glacierization (e.g. tlonacina, lY4b; 

Kellogg, lY75). Indeed, this feedback process is an implicit part of the 

"tlteory of instantaneous glacierization" (Ives, et al., llJ75). In spite 



- 129 -

o f this, the actual effect of snow or ice-cover on local climate has not 

been adequately studied. ~priori, it seems likely that an ice/snow 

cover will increase albedo, reduce net radi.ation and lower temperatures 

l oca lly, but the magnitude of tl1ese e ffects and t heir spatial dimensions 

ha ve rarely been quantified (cf. Huller and Hoskin-Sharlin, 1967; 

l3 raithwaite, l SJ78). 

'fo assess the magn i tude oi the "icc cajJ e f fect," a study was initiated 

on a small plateau i.ce cap on the llort.hcast e rn edge oi t he Hazen Plateau 

of Ellesmere Island, ~ .W.'f., Ca nada (figure 1 ) . The "St . Patrick Bay lee 

Cap">~ (t31° 57':-.J, b4°lO'IV) is a th i n, ex treme l y fL.1t ice mass with a total 

re lief of less than 50 m. lt is completely unshaded by adj acent terrain 

and surrounded by unglacierized plateau SU JiJmi ts ut sim j.Lu elevations 

(figure 2). It thus represents an idea l s i t uation to study 

t he effect of the ice cap itself on the loca l cl imate . To this end, a 

network of meteorological stations were esta bli shed on and around tl1e ice 

ca p during the sununers of l'Jb2 and llJS3 (Figure 3) . 1~e sites differed 

i n elevation by less than SU1n; the major differ ence between the sites was 

tllus the under lying surface nnd proximity to the ice ca p . \~e 

r1ypothesizcd thut by initiating ti1e study each yea r before any signHicant 

a blation hud taken plac e , all observations would start with an essentially 

'< Unofficial name; the ice caps have previously been referred to as the 

"liazen Ice Caps" (Bradley and Serreze, 19o3); this study was conducted 

around the larger of the two small ice caps north of St. Patrick Hay 
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S.PB. 
Ice Caps 

HAZEN ) 
... ,q 

PLATEAU 

Hall 
Basin 

aegional location rwps: S.P • .B. ==St. Patrick Bay, B.L. = 

"Beaufort Lakes;" H.B. = h7rangel Bay; L.B.= Lincoln Bay. 
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Figure 2 Oblique aerial photograph looking eastwards across St . 

Patrick Bay ice caps (delimited by dashed lines). 

Photograph is taken from the perspective of dark arrow in 

lower panel of Figure 1, lookin g across the outer Hazen 

Plateau. (Copyri ght Canadian Government aerial photograph 

T397R-189; June 2.'t, 1950). 



Figure 3 

- 132 -

*ZEBRA 

Vertical aerial photograph showing location of principal 

meteorological stations (Copyright Canadian Government 

aerial photograph A-16608-15; July 6, 1959) . 
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niform, snow-covered surface. As the season progressed and snow cover 

on the land melted off, the topoclimatic effect of the ice cap should 

become apparent. In fact, this was more or less what happened in 19ts2, 

but in 1983 su111111er conditions were quite different and the entire plateau 

remained snow-covered for much of the season. This prevented any further 

assessment of the "ice cap effect" but provided a valuable data set from 

both ends of the spectrum of summer ablation conditions. i'1ass balance of 

the ice cap has been discussed by Bradley and Serreze, 1985a. Here we 

di scuss the observations made in 1982 and 1983 v:ith particular emphasis on 

t opoclimatic variations. Rad ia ti on bala nce measurements and the low 

l evel atmospheric structure over t he icc ca p are discussed elsewhere 

(Serreze and Bradley, 19b5a and Palecki, et al., 19ts5 respectively). 

HEASUkEf·IENT Pi<UGRAH 

Table l summarizes the measurement program carried out at the stati.ons 

shown in Figure 3. Tabl e 2 documents the instruments used and sampling 

f requency. In both 1982 and 19~], incoming short and longwave radiation 

was measured only at sta tion Yankee, near the edge of the ice cap (Figure 

4). These measurements were assumed to be representative of the entire 

study area. It is poss i ble that under certain cloud conditions, multiple 

reflection between clouds and snow and ice at the surface may have made 

this assumption invalid, Lut in tl1e vast majority of cases the assumption 

of uniform radiatiOII receipts is probably reasonable for this small 

(lessthan 10 km ) area. This factor is discussed further in Serreze and 

Bradley, 1985a. Development of local clouds or fog (e.g. specifically 

over the tundra or over the ice cap) occurred only rarely. 
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TAELE 1 

"St. ·Patrick Bay Ice Cap" i'lcteorological i'Ieasurer:~ent Program, 
1982 and 1983: parameters recorded and height of instruments (em) 

". .. 1r Tenp • 

15 150 ~300 
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15 110,(' 
-") 300 

Air Tenp. 

lc l c:,' . _)•, .J 

15 150 J(J() 
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19B2 
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Humidity R 2 Q I Ground Temp.'~ 

15 150 150 150 

15 l5U 15C 15(J 15() 150 -5 -15 -25cn 

15 150 

Pelativc 
f ltli'li. d it y 

15 1.50 

1') J :)lo 

15 '~· 

]) ,, 

15() 

150 150 

l L)() 

15(J 

Snou Hind 
I Tc!tp.(cm)':' Speed 

150 

l)(j 150 'l -17 -37 15 150 -t., 

l 5v 1') 150 

1.!ind 
Directi.or. 

300 

h l'J(Q, sub-surfcte<) tr:r1peraturcs •.-tcrc~ rccorcl.cd within a frost hummock 
1(()3 \:i thin tho snrf<1cc sncr.1-cover. I n nddition icc tcr:tperEltures at an 
site (on the :;;rtallcr icc u1;J) 1:crr~ record e d ot lOU cr1 below the snoH-ice 
interf<1ce. 

Tn :tdditio:1, an !wllrly rc~corc! of s:•noptic weather conditions was kep: 
durin~~ vmkin:~ hours; obscrvaUons incJ uder!: cloud type and nmount, opacity, 
wind speed nnd r1 j rcct:i on (in 1 C)h2 1-·ind ;, pcf'd frot'l tot81izin~ aner~ometer nnd \vir 
direction c~;t:imntcd; l>nt:·l '. .'E~rc~ recorc1cri instruiT"entally i.n 1W~3). Barometric 
pn~s~:;ure (n.i.crobaro;n-1;>h) nnrl prccii> i tclt :ion (~" t8ndard ll.S. '-'.ieather l~urenu g8r,e) 
h'ere also rccorclecl. AJ llcdo wa~ cn1cu1 <1ted fron inc:orning shortwave radiation (\ 
) at Yrmkee <md l! at: other st:1tio:1:;. Temperature, htmidity and wind profiles 
at Yankee and Zebra (l()fD) provided estimates of latent and sensible heat fluxes 
(Serreze and Eractley, l9S5b). In 10B~l, an instrunentecl tethered hnlloon system 
was used to ol>tain low-level (<0.5 ~~) mcnsurcncnts of pressure, temperature, 
hur~ir!ity, wind speed nnd dirC'ction on scl·2Cted dnys (see Palecki, et al. 19()5). 
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TABLE 2 

Heteorological Instrunentation Used on St. Patrick Bay Ice Cap 

Sensors: 

Temperature: Car~pbell Scientific Inc. (CSI) nollel filCH 
thernistor probes, CSI model #201 
temperature/relative hur1idity probes. 

Relative Humidity: CSI model i/201 
temperature/relative humidity probes. 

Radiation: 
Net ~adiation: Hicromet Instruments net radioneters 
Incoming Shortwave & Reflected Short'.vave: Eppley !1ode11tb-48 

black and white pyranometers. 
IncoMing Loncwave: Eppley modelPSP py rgeometer 

Hindspeed: \~cathertronics model j.1 2031 DC generator and model 
i/2032 contact closure i'ic ro-l<esponse anemometers 
(2 of each). 

\·!ind Direction: CSI model ;!024A Let- One direction sensors. 

Data Acquisition: 

CSI model CR-21 nicroloKgers (user pro~ra~nable , battery operated 
microcomputer. Features R real-time clock, serial data interface and 
progranmal1le analog-t~-digital converter). Data recorded on cassette 
tapes. 

Sensor Calibration: 

All Eppley radiometers calibrated at Eppley Laboratories SprinR 1982. 
t!icro-response aner.1emeters calibrated by \'leathertronics, Inc. Spring 
1933. Wind direction sensors, calibrated in field. CSI morlel #101 
thermistor probes 8nd nodel ~20 1 temperature/relative humidity probes: 
fixed calibrations. Net radiometers checked agAinst one another hefnrc 
and after field season. One net radiometer factory calibrated, 1983. 

Sampling Frequency und Stnhstics Computed: 

Hourly: 

l>aily: 

Temperature: mean 
Relative humidity: mean 
Radiation: me~n 

1:lind direction: 
\-Jindspeed: 

Temperature: 
Relative hunidity: 
\vindspeed: 
Hind Direction: 
Eadiation: 

~ax., min., standard deviation 
mean, standard deviation 
max. gust 
mean 
total, max., min. 

rnean 
mean 
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Pigurc 4 Instru11cnt array at Sta tion Yankee (July ~ . 1982) . 



- 137 -

THE SUMMERS OF 1982 AND 1983 

Summer conditions in 1982 and 1983 were significantly different, as 

reflected in the ice cap mass balance for the two years (-144 kg m-1 in 

-2. 
1981-2 and 137 kg m in 1982-3; Bradley and Serreze, 1985a). In 1982, 

the snowpack became isothermal by Julian Day (JD) 177 (June 26) and runoff 

commenced soon thereafter. By JD 185 the snowpack over the surrounding 

tundra was completely melted. By the end of July bare ice exhibiting a 

cryoconite surface was exposed over much of the ice cap. By contrast, in 

1983, short periods of melt were interrupted by episodes of snowfall and 

low temperatures (Figure 5). Riming was also common, occurring on 33% of 

all days in the summer of 1983. The snowpack only became isothermal on 

JD 193 (July 12) after 3 days of rain which warmed the snow by refreezing 

at depth. Snowfall continued intermittently during the rest of July and 

by the end of the month, an almost continuous snow cover existed around 

the perimeter of the ice cap for at least 2 km. This was similar to 

conditions in 1972 when the net balance (1971-72) was estimated at 

approximately +140 kg m- 1 (Hattersley-Smith and Serson, 1973). 

Interestingly, climatic data from Alert,the only long-term weather station 

in the area, 70 km to the north, shows that 1972 and 1983 summer 

temperatures (June-August) were the lowest of at least the last 30 

years. On the other hand, 1982 was well above the 30 year mean. 

Table 3 summarizes the marked differences in principal climatic 

parameters at station Yankee for the period of overlapping records in both 

seasons (JD 270-207). In the radiation balance equation [R = Qi,(l -DC) + 

I~ + I 0 ] all parameters were measured except outgoing infrared radiation 
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YANKEE DAILY MEAN TEMPERATURES - t50 CM 

-1982 
---- f983 

180 185 190 195 200 205 210 
JULIAN DAY 

Figure 5 ~ ~an daily air teopcra t ur es a t 150 em, Station Yankee 

1932 and 19G3. (Dail y mean bas ed on average of 24 hourly 

mean values). 
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TABLE 3 

Average Values of Major Climatic Parameters at Station Yankee in 
1982 and 1983 (JD 170-207)+ 

1982 1983 units 

Incoming short,.,rave radiation ( Q r) 0.946 0.924 

Albedo («) 0 . 2130 0 . 770 

Reflected shortwave radiation (Qi) - () . 259 - o. 713 HJ -2. m h-1 

Incomin~ longwavc radiation (Ii ) 0 . 949 o.ssg t1J m-1. h_, 
Outgoing longwave radiation (1 0 ) - 1. 183 -1. 020 i·U m·'l h _, 

Net longwave radiation (Ii - 1 0 ) - 0 . 233 -0.132 ~-u m -1 h-1 

:'Jet radiation en 0.453 0 .079 flJ rn·l.. h""~ 

Cloudiness 6 7 tenths 

150 em air temperature ( hourly mean) 1.77 0.83 Centigrade 

150 em relali ve humidit y (hourl y nean) 81'~ 80':' ty 
'0 

Total precipitation 1.25 2.50 CJTI (\vater 
equivalent) 

+Differences in seasonal ~eans arc statistically significant (p = 0.01) 
unless noted by an asterisk. All downward radiation fluxes are defined 
as positive. 
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which was solved as a residual*. 

Seasonal averages of incoming shortwave radiation were slightly lower 

in 1983, probably as a result of the greater cloud amounts, but the 

differences are not statistically significant. Incoming longwave 

radiation was significantly lower in 1983, largely as a consequence of the 

lower temperatures. The lower sur f ace temperatures and slightly higher 

cloud amounts in 1983 probably resulted in the less negative net longwave 

raaiation balance in 1983. Many previous studies have noted the 

importance of counter-radiation from cloud s in increasing the n~t infrared 

flux (e.g. Hoinkes, 1970; Holmgren, 1971; Ambach, 1971~). The major 

contrast between the two seasons was i n su rface albedo, reflected 

short-Have radiation and net radiati on. The overall lower temperatures 

and frequent snowfalls maintained an ex treme l y high surface albedo for 

most of the summer (Figure 6). Albedo on ly dropped below SO% at station 

X-RAY, and not until after JD 201 (Jul y 20) . As a result, net radiation 

was markedly lower in 1983. 

Although no detailed synoptic ana lysis of the two seasons has yet been 

undertaken, some insight into the contrasting conditions of the two 

seasons can be obtained by stratifying the data by wind direction. 

Figure 7 shows wind direction frequency and mean wind speed, mean 

Durinp, periods of a melting snow surface in both suruners, the radiation 

balance was checked by comparing I 0 calculated as a residual and 

corresponding values calculated using the Stefan-Boltzmann equation (!0 = £d 

T 4- ) with an assumed surface temperature of 0 degrees C and r:m 

emmissivity (~) of 0.95. In nearly all cases, values were in clone 

agreement. 
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COMPUTED AVERAGE DAILY ALBEDO (%)-YANKEE, 1982-1983 

--1982 
----1983 

0 ~~--~--~~--~----L----L-----~--~----~--~----~ 
180 185 190 200 205 210 

JULIAN DAY 

figure 6 i lean daily olberlo 3t Station YnnJ.-:ee, 19:3 2 and 19B3. 
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WINO ROSES OF DIRECTION, SPEED, TEMPERATURE 
. AND RELATIVE HUMIDITY AT YANKEE, 1983 

N 

WIND DIRECTION (%) 

N 

TEMPERATURE (°C) 
150 CM 

N 

s 
WINDSPEED (M/S) 

N 

RELATIVE HUMIDITY (%) 
150 CM 

Figure 7 Winrl roses of hourly wind direction frequency and mean winrl 

speed, ~can temperature an~ menn relative humidity stratified 

by wind direction. 



- 143 -

temperature and mean relative humidity for periods with winds from 

different directions (data from 1983). Winds were most frequently from 

eitl1er the NE or SW which corresponded to the lowest temperatures, highest 

wind speeds and generally high relative humidity, particularly from the 

northeast. By contrast, wind from the relatively infrequent NW and SE 

quadrants was generally much warmer, less strong and of lower relative 

humidity. Wind data were not logged automatically in 1982 so data cannot 

be so precisely stratified for comparison. South/southwesterly and 

northeasterly airflow were also the principal wind directions in 1982, 

thoueh northeasterly flow was less comnon. It appears that air 

temperatures associated with SW and SSW airflow were higher, probably as a 

result of the early removal of snow cover on the plateau in that direction 

in 1%2. 

TOPOCLIMATIC VARIATIONS: 1982 

a) Radiation Balance 

Mean hourly totals of the radiation balance components at the three 

principal stntions (X-RAY, YANKEE and ZEDRA; Figure 3) are shown in Table 

4. We assume Qs and I~ were the same at all three sites. Strong 

gradients in Q0 (reflected short-wave radiation) and R were observed from 

icc station ZEBPA through the nar;;inal site YA: .. JI~Y:~E to the ~lost distsnt 

site, X-RAY. Figures 8 nnd 9 show average daily albedo and net radiation 

totals, respectively, at the three sites. 

froM: 

Albedo value~ (Dt) were derived 

where qi. is the value measured at Yankee and (~ 0 the value at each site; R 
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TABLE 4 

Nean Hourly Radiation Balance Values - 19g2 
(l.IJ m -2. h- 1 ) 

JD 170-207 

Zebra Yankee X-Ray 

0.946 0 .946 0.9M) 

-0. L~97 -0.L59 -0.192 

0.949 0. 94~! 0.949 

-1.212 -1. 1. d3 -1.172 

O.lb6 0 . 1~53 (). ~~1 
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COMPUTED MEAN DAILY ALBEDO (%) 1982 
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Figure Y Mean daily net radiation, 1982, for stations X-Ray, Ynnke0 and 
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was measured independently at each site. Clearly R is primarily 

dependent on albedo. The importance of mid-summer snowfall events (JD 

183, 184, and 197, 198) is also apparent in reducing the amount of energy 

available at the surface. Albedo declined first at X-RAY and then at 

YANKEE. In fact, the initial value of 0.44 indicates that ablation had 

already begun by JD 170 at X-RAY and snow-free ground was visible first at 

thi.s site. A base value of approximately 0.16 for both stations was 

reached by JD 178 (June 27) indicating complete removal of the snowpac:k. 

By contrast, at station ZEBRA, the original winter snowpack had not shown 

any appreciable reduction in albedo by that date. In fact it was not 

until early July (>JD 186) that any significant change in albedo took 

place on the ice cap (Figure H). It is of particular interest that 

albedo began to decline first at the station farthest fran the ice cap. 

This could he due to a lower mean winter snowpack at this site or to a 

lessening of any thermal effect of the ice cap with distance from the ice 

edge. Unfortunately, logistical prob]ems prevented the establishment of 

this station until JD 170 which resulted in no radiation data at X-RAY fof 

the critical period prior to JD 170. In 1983, a snow survey did reveal a 

reduction in snow depth from YANKEE to X-RAY whiclt, if generally true, 

might explain the more rapid rise in albedo at the site farthest from the 

ice cnp. It is possible that this gradient is related to drifting snow 

from the ice cap though it is not clear why snow would preferentially 

accumulate in the immediate vicinity of the ice cap itself which is just 

as exposed as the area around station X-RAY. 

It is also of interest that net radiation values at X-RAY were 

consistently higher than at station YANKEE, nearer the ice cap edge, 

throughout the season (FiRure 9). Several explanations for this are 
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possible. Firstly, albedo at X-RAY was consistently lower than at YANKEE 

even after all snow had melted (though at that time the difference was 

very small). Secondly, it may be that our assumption of equal receipts 

of Qt and I~ at all sites may be in error, but for this factor to account 

for the higher measured net radiation at X-RAY one would have to assume 

higher total radiation receipts at X-Ray than at YANKEE and this seems 

unlikely over the distances involved (approximately 5 km). Possibly a 

combination of these factors was important at times; nevertheless, even 

neglecting the contentious reasons for differences in R between X-RAY and 

YANKEE, it is abundantly clear that values of R over the ice cap and over 

the snow-free tundra nearby are drastically different. This is in strong 

disagreement with the conclusions of Ohmura (1982) who found similar 

values of R bctweeJI tundra and the ablation area of polar glaciers despite 

differences in alhedo. O~nura's results seem inherently incorrect and 

our data clearly confirm this view. In 1982, the ice cap received only 

35% of the net radiation on the surrounding tundra, which represents a 

profound reduction in radiative energy available for ablation. 

In conclusion, there is evidence that net radiettion \~as highest at the 

site farthest from tl1e ice cap and that albedo fell at this site first. 

Whether this was the r~sult of a higher snowpack around the ice cap edge 

(possibly as a result of snow drifting from the ice cap) or whether the 

ice cap exerted a thermal effect on snowmelt in the immediate vicinity of 

the ice cap in the early part of the ablation seetson is not clear. 

Seasonal net radiation totals heyond the ice cap were markedly higher than 

on the ice cap itself. 

b) Temperature 

Mean hourly temperatures and melting degree day totals, measured at 
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three levels at stations X-RAY, YANKEE and ZEBRA, are shown in Table 5. 

At all levels, a clear gradient is apparent from X-RAY to ZEBRA with 

intermediate values at station YANKEE, near the edge of the ice cap. 

Helttng degree day totals on the ice cap Here only 40-65% of values at 

X-RAY. Differences between the ice cap site and the other two sites are 

statistically significant (p = 0.001); differences between the two tundra 

sites are not. The greatest difference between the three sites is at the 

15 em level as one might expect. This level is near the laminar boundary 

layer and thus more representative of s ur f ace temperatures than higher 

levels where turbulent overturning is raore common. 

Although the mean temperature at YANKEE , near the ice edge was 

intermediate between values on the tundra a t X- RAY and on the ice at 

ZEBRA, it is not clear if this can be interpreted as an ''ice-edge cooling 

effect.'' If this was the case, during periods of northerly airflow (i.e. 

involving advection of cooler air fron the ice cap) temperatures at YA~KFE 

should have been lower than at other times. Unfortunately, wind 

direction data were not accur:=:ttely r.Jeasure cl in JC)fl 2 but visual 

observations of direction indicated that t he prevailing airflow Has 

towards th~ ice cap, not away from it. Furthcrnore, stratification of 

temperature data from YANKEE revealed nn s t a tistically significant 

difference between times of northerly or southerly airflow. Further 

study of this question is needed before a definitive conclusion can be 

reached. 

If station X-RAY is assumed to be beyond any thermnl influence of the 

ice cap, the total cooling effect can be quantifjed by subtracting 

temperatures at ZEBRA from those at X-RAY. This gives ~ean values of 
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TABLE 5 

Mean Hourly Temperatures and Melting Degree Day Totals, 
0 

JD 170-207, 1982 ( C) 

I. Mean Temperatures 

a. Zebra b. Yankee c. X-Ray {c-a2* 

0.99 1. 7.5 l.Hl 0.82 

1.05 1.77 2.03 0.9B 

1.16>!<>:: 2. 98 3.02 1.86 

>!'"Cooling effect" (see text) 
::o:: JL' 178-207 

Height 

dl)]) 
300 

HDD 
150 

i·llJD 
1.5 

II. 

a .. Zebra 

53 (65) 

55 (60) 

1~9 (40) 

1-leltinq Desree Days':' 

b. Yankee c. X-Eay 

76 ( 9L~) 81 

80 ( L~7) 92 

116 (95) 122 

::: Hased on r;ean daily temperatures (lerived fror!l (r.mx. + nin)/2. 

Values in parenthesis express MDD as a percentage of values at X-Ray. 
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1.86 degrees C, 0.98 degrees C and 0,82 degrees Cat 15 em, 150 em and 300 

em respectively. Thus the "cooling effect" is most apparent at lowest 

levels and decreases with height. Studies of the White Glacier, Axel 

Heiberg Island, have also attempted to quantify this cooling effect. 

Muller and Roskin-Sharlin (1967) calculated the difference between screen 

temperatures (approximately 150 em) at their lower Ice and Base Camp 

stations. 1be former was in the center of a 1 km wide valley glacier 

(ablation zone) and the latter approximately 2 km away in the adjacent 

unglacierized valley. Both had similar elevations (approximately 200 m 

a.s.l.). These results indicated a mean coolinG effect (for June, July 

and August 1961) of approximately 1.5 degrees C, somewhat higher than in 

this study. However, the topographic situation of the two areas is quite 

different Hith sip,nificantly more relief j _n the Axel Feiberg study; 

consequently, effects of cold air drainage, radiation from valley walls, 

shading, etc., may be important factors in that study. Nevertheless, the 

results indicate a similar thermal effect of 1-1.5 degrees C at 150 em. 

Muller and ~oskin-Sharlin also arrived at two other interesting 

conclusions which can be tested with our data set. They noted that the 

"cooling effect" was greater on clear days with high global radiation 

receipts than on cloudy days and that tl1e coolins effect becomes greater 

as the season progresses. Table 6 shows Mean temperatures at the three 

stations and three levels for ) 7/10 and ( 3/10 cloud cover. As one might 

expect, temperat\Ires are generally higher under relatively cloud-free 

conditions but the "cooling effect" is greater at such times than during 

cloudy periods (Table 6, colunm 5). This is probably because during 

relatively clear sky conditions, air temperatures over the tundra can rise 

rapidly (due to lower albedo and low specific heat of the surface) whereas 
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TABLE 6 

Hcan Hourly Temperatures and "Cooling Effect" (°C) 
for Different Conditions of Cloudiness 

Cloud Cover G. E. 7/10 

"Coolinr, 
Zebra Yankee X- f(ay gffect" 

O.W3 2.21 2. 64 1.81 

0.51 1. :~ 2 1.55 1. ot. 

0.39 1. 10 1.36 0.97 

Cloud Cover L.E. 3/l(J 

"Cooling 
Zebra Yan kee X-Ray Effect" 

2 ,1+5 3. 2B 4.32 1.87 

2. 32 3. 23 3.92 1.60 

2. L" l 3. 50 3. 5<) 1.18 



- 152 -

snow and ice acts as an energy sink, so any increase in incoming radiation 

results in a smaller temperature increase over the ice cap. As a result 

the differential bet\veen the sites is enhanced under clear skies. Of 

course, this does not mean that clear skies favor ice cap survival, as 

higher temperatures over the icc cap and tundra increase the sensible heat 

flux to the ice and accelerate ablation. 

Table 7 shows the "cooling effect" hy sub-period. Huller and 

Roskin-Sharlin suggest that the increase in "cooling effect" as the summer 

progresses is due to the (almost) unliQited capacity of a glacier to 

absorb heat throughout the summer \vhereas (once snow cover has melted) the 

lower specific heat of tl1e tundra surface and limited sub-surface heat 

flux results in a strong sensible heat flux to the atmosphere and much 

higher temperatures in the adjacent air lnyer. Consequently as the 

summer season progresf.;es, the "cooling effect" increases. The St. 

Patrick Bay Ice G1p data also show a t~ndency for tlte cooling effect to 

increase as the season proeresses. However, the maximum "cooling effect" 

occurred during the period JD 180-189 , a period of eenerally clear skies 

and relatively high temperntures after snow-cover had melted from the 

tundra; these conditions are not inconsistent with !'1nller and 

Roskin-Sharlin's model. 

Analysis of the low-level thermal strtacture of the atmosphere at the 

three sites provides further insight into the nature of an ice-cap 

"cooling effect." Seasonal mean lapse rates (JD 17CJ-207)in the 15 en to 

150 em level were -0.82, -0.79 and -0.29 degrees C 1n- 1 at station X-RAY, 

YANKEE and ZEBl<A respectively. The difference bet\·Jeen the mean at the 

two tundra sites is not significant but between those and ZEBRA is highly 

significant (p = CJ.OOl). These mean values reflect a higher frequency of 
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TABLE 7 

"Coolin&: Effect" ('C) hy 10-Day Intervals 

J]) 170-179 JD H30-189 JD 190-199 JD 200-208 

15 em 1. 78 2.52 1.31 1.83 

150 en 0.53 l.L;() 0.93 1.06 

300 er1 0.53 1.09 0.81 0.89 
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inversions at the ice station, as a result of the continual presence of a 

cold snow or ice surface. This is further illustrated by Table 8 which 

shows the diurnal frequency of inversions at the three stations. 

Inversions reach a maximum ~requency at all sites during low sun periods, 

as one would expect. Overall, inversions occur 32% of the time on the 

ice cap compared to only 11-13% at the other sites. 

sensible .heat flux is directed towards the surface. 

During these periods 

Since the surface 

temperature can not increase above 0 degrees C, the inversion is not 

readily disturbed and the near surface air temperature remains low. Over . 

the snow-free tundra, relatively high surface temperature results in an 

upward sensible lwat flux, warming the near surface atmosphere. Thus, as 

air moves from snow-free to the snow and ice-covered surface the lower 

ati!lospheric te!71pernturc structure is modified as shown schematically in 

,Figure 10. 

It is of inter·2st that the "cooling effect" has a pronounced diurnal 

pattern, \vith maxinum values in late afternoon and minimum values during 

low-sun periods (Figure 11). This characteristic may reflect the higher 

frequency of stable conditions over the ice cap as compared to the tundra, 

particularly in the late afternoons. Although a pronounced diurnal 

variation in inversions was recorded at both sites (Table 8) the 

difference in inversion frequency between the sites follows a sintiltir 

diurnal pattern to that of the "cooling effect." 

In conclusion, a thermal gradient was observed along a transect 

perpendicular to the ice cap edge. This was r:1aximized during relatively 

cloud-free periods. ~Iaximum temperature differences bet\veen ice cap and 

tundra sites were observed at low levels (15 em). The cooling effect of 

the ice cap was less at the start of the ablation season than 
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Figure 10 Schematic diagram of cooling effect of ice cap on lower 
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1978). 
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Figure 11 Ne~n hourly "cooling effect" (X-Ray - Zebra mean temperatures) 

at 150 em level, based on J.D. 170 to J.D. 207 1982 
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TABLE 8 

Percent Valid CAses with Inversion Conditions in 
15 em to 150 em layer, 1982 (JD 170-207) 

Hour Zebra Yankee X-Ray 

1 44 16 21 
2 41 16 34 
3 43 18 42 
II 36 13 21) 
5 25 13 26 
6 26 11 24 
7 18 10 22 
8 25 9 8 
9 29 10 5 

10 22 10 5 
11 21 12 3 
12 14. 14 8 
13 15 10 3 
14 19 11 5 
15 19 8 8 
16 33 3 3 
17 27 6 5 
18 32 6 5 
1 C) 44 6 8 
20 52 9 8 
21 59 9 8 
22 43 6 8 
23 43 13 8 
24 44 10 11 

X 32 11 13 
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subsequently. Inversions are more common over the ice cap than the 

tundra and a diurnal cooling effect, probably related to this difference, 

reaches a maximum in late afternoons. 

TOPOCLH!ATIC VARIATIONS : 1983 

As noted earlier, climatic conditions in t he summer of 1983 were 

markedly different than in 1982. This is clea r l y illustrated by 

comparing daily albedo and net radiation measur ements (figures 12 and 13; 

cf. Figures 8 and 9). In 1983, surface albedo was considerably higher 

and net radiation values correspondingly l owe r . Furthermore, since the 

persistent snow cover in 1983 created simi lar su r f ace conditions at all 

measurement sites, topoclimatic dif fe r ences between the sites were greatly 

reduced. Except for brief melt episodes (e . g . JD 170-174 and 181-183 

when frost-hummocks were exposed a t X- RAY) a l bedo was similar at all sites 

for most of the season. Onl y a f t e r approx i ma tel y JD 19H did the area 

around X-RAY become extensively snow- f r ee, res ulting in lower short-wave 

radiation losses for the season as a whole (Tabl e 9). Net radiation at 

all sites was extrenely low, and on some occasi ons (with clear skies) 

negative daily totals were recorded. 

t· lean te1~1peratures and meltin2 degree day .C: !T>D) totals at the three 

stations are shown in Table 10. Temperatures we r e significantly lower in 

1983; differences between the two seasons were greatest at the tundra 

site, X-RAY, and least on the ice cap (ZE3RA). The largest differences at 

all sites occurred at the 15 em level (2.7 degrees C lower at X-RAY in 

1983). Melting degree day totals were very similar nt all sites in 1983, 

whereas in 1 CJ82 i·!DD totals at ZEBRA ( 15 em level) were only 40:~ of those 

at X-RAY. Clearly, the extensive snow-cover in 1983 eliminated the 

topoclimatic effects which were manifested so clearly in 1982. 
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AVERAGE COMPUTED DAILY ALBEDO (%) 1983 
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DAILY NET RADIATION TOTALS ( MJxM-2 ) 1983 
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figure lJ i1enn daily net radiation in 1983 at stations X-Ray, Yankee 

and Zebra. 
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TABLE 9 

Hean Hourly Radiation Values (MJ m-1 h-' ) 
JD 170-207 

1983 

Zebra Yankee X-Ray 

Qs 0.924 0.924 0.924 

Qs (I( -0.706 -0.713 -0.598 

Ii 0.888 0.8B8 0.388 

Io -1.013 -1.020 [-0.994]* 

H 0.093 0.079 [0.220]* 

* Calculated only for JD 191-207 because of net radiation equipment failure 
prior to that period. 

T 
300 

T 
150 

T 
15 

tv!DD 
300 

HDD 
150 

MDD 
15 

TABLE 10 

Hean Hourly Temperatures and Melting Degree Day Totals 
JD 170-207, 1983 (°C) 

I. Mean Temperatures 

Zebra Yankee 

0.95 

0.90 0.83 0.29 

0.46 0.63 0.91 

II. ~le1ting Denn~e Days"'< 

Zebra Yankee X-Ray 

69 

68 6o 68 

51 56 51 

*Bas0.d on mean daily temperatures derived from (nax + Min)/2. - . , ... 
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DISCUSSION 

Topoclimatic differences observed in 1982 between the ice cap and 

tundra sites can be considered in terms of two conceptual models shown in 

Figure 14. Snow and ice cover, with a high albedo relative to 

tundra,limits net radiation and hence sensible and latent heat flux to the 

atmosphere. As ice has a high s peci f ic heat, it acts as a large sink for 

energy at the surface and this continues long after snow cover has melted 

from adjacent tundra regions. Sur f ace temperature on the ice cap is 

1 imited to <O degrees C so near-sur face inve rsions arc co:nn:on, restricting 

turbulent heat exchange and energy fl ux to t he surface. Low surface 

roughness over the ice cap enhances this effec t . The net result is lower 

temperatures over the snow and ice sur face wh ich may favor diurnal riming 

and delay the seasonal decline in albedo . Lower te:!'Jperatures over the 

snm• and ice may lead to cold air advect ion to adjacent areas retarding 

melt nne thereby delaying the exposure o:: t undra surfaces which would 

rapidly warm and reverse the advective effect. By contrast, a 

tundra/felsenrneer surface bas n :nuch r ougher s urface on whic~ protruding 

rocks an([ vegetation nay remain exposed above the regional snow surface. 

The substrate has a low albedo and lm: <;Jlecific heat capacity. As a 

result, net rac!iation at the exposed sur fa ce is high, sub-surface heat 

flux is s w:1ll, and surface tc:npcratun~ is es ~;cntially unlimited. 

Unstable temperature profiles which result, favor high sensible heat flux 

to the atmosphere, leading to high s urface air tenperature advection to 

adjacent areas and rapid removal of t he s now cover. Tundra surfaces 

rapidly dry out reclucing latent heat flux and directing net radiation into 

sensible heat flux to the the lower atmosphere. Warm air advection to 

the adjacent snow cover and ice cap will be minimal at first but increase 
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Figure 14 Conceptual model of feedbacks involved in a) maintenance 

of snow and ice cover, and b) maintenance of snow-free 

tundra/felsenmcer surfaces. 



- 162 -

rapidly as the ablation season progresses and more land surfaces become 

exposed. 

Does an ice cap modify local climate to such an extent that its 

preservation is favored? It seems clear from the observations made and 

the discussion above that conditions on the ice cap bring about a ''cooling 

effect'' relative to adjacent snow-free tundra areas, and that this cooling 

effect is absent when snow cover is extensive. However, Hheth.er the ice 

cap affects adjacent areas directly by cool air advection is not clear on 

the scale studied herein. Cooling of air over the ice cap is the result 

of heat flux to the snow and ice; the extent to which this occurs in a 

season will vary, but clearly prolonged cool air advection must be 

balanced by mass loss from the ice cap. If wind direction is 

persistently from a particular direction, the "leading edge effect" (Oke, 

1978) shown schematically in Figure 10, would tend to increase ablation on 

the windward edge of the ice cap, whereas the leeward side woul(l be 

relatively protected, or buffered. Over a long period, this might even 

favor "migration" of the i.ce cap dmvmvind, given favorable topographic 

conditions. 

SUi·f.' !ARY 

Heteorological rnQasurenents in the lowest 3 m of the atmosphere were 

conducted along a 5 krn transect from the center of a small plateau ice 

cap (on northeastern Ellesmere Island) to the adjacent unglacierized 

tundra/felsenneer. Differences in relief across the transect were <50 m 

and the entire area was completely unshaded. The major difference 

between tlte sites was thus the underlying surface and proximit y to the 
'-

ice cap. Measurements began when snow cover was extensive across the 

entire area, and continued through the ablation seasons (of 1982 and 
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1Y83). The objective was to assess the effect of the icc cap on 

modifying local climate. The following results were obtained: 

1. Seasonal net radiation totals were hiehest at the site farthest fran 

the ice cap and lowest on the ice cap. The ice cap site received only 

35/: of the net radiation on the surrounding tundra . Intermediate values 

were recorded near the ice cap edge. 

2. A strong temperature gradient was observed betwee n t he tundra and the 

ice cap. This gradient was maximized at the 15 em l evel . tiel tin~; 

degree days on the ice cap were onl y 40- 65% of t hose on t he a djacent 

tundra. Intermediate values were r ecor ded nea r the ice cap edge. 

Ma~irnwn temperature differe r1ces be t wee n the s ites occurred under clear 

skies after seasonal snow cover on t he tundra had melted. 

3. Low-level inversions are more common over the ice cap than over the 

tundra and a diurnal cooling effect, probably related to this difference, 

reaches a maximum in late afternoon. 

4. In 1983, extensive and persistent snow cover eliminated any 

significant topoclimatic differences between the sites. 

'5. A conceptual rTJodel of f eedhnck effects which tend to assist in the 

maintenance of a snow and jce cover is presented. Similarly, a model of 

surface-atmospl1ere interactions over snow-free tundra/felsenmeer is 

presented. 

6. Observations indicate that the ice cap r'lay bring about a 'cooling 

effect' relative to the adjacent snow-free tundra and that such an effect 

is absent when snow cover is extensive. Any cool air advection froM the 

ice cap is the result of heat flux to the snow and ice. If this 

continued for a long time, mass losses from the ice cap would inevitably 

result. 
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7. Further studies are needed to isolate and quantify topoclimatic 

conditions on and around plateau ice caps of varying size. 
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GLACIO-CLIMATIC STUDIES OF A HIGH ARCTIC PLATEAU ICE CAP PART III: 

RADIATION CLIMATOLOGY 

M.C. Serreze and R.S. Bradley 

University of Massachusetts, Amherst. 

ABSTRACT 

Hourly measurements of incoming shortwave and longwave radiation, 
surface albedo and net radiation were made on an unshaded plateau ice cap 
on northeastern Ellesmere Island, in the summers of 1982 and 1983. 
Incoming shortwave radiation (Qi) is strongly dependent on solar angle 
whereas this is not so for incoming longwave radiation (Ii). All cloud 
types increase Ii, especially low dense clouds, snow and fog. Relative 
transmission of Qi is high in all cloud types compared to clouds at lower 
latitudes. With high surface albedo (>0.75) net radiation (R) is 
strongly and positively correlated with net infra-red radiation (In) but 
shows little relationship to net shortwave radiation (Qn). By contrast, 
with low surface albedo (<0.20) R is negatively correlated with In but 
positively related to Qn. Under high albedo conditions, an increase in 
cloud cover leads to higher values of R but under low albedo conditions R 
decreases as cloud cover increases. Maintenance of snow cover is favored 
by the normal seasonal progression of albedo and cloud cover changes (high 
albedo, clear skies to low albedo, cloudy conditions) which occur in the 
arctic. 

INTRODUCTION 

Neteorological observations were carried out in the summers of 

1982 and 1983 on 'St Patrick Bay Ice Cap', northern Ellesmere Island, 

N.W.T., Canada (81°57' N, 64°lO'W). The ice cap is situated on the Hazen 

Plateau at an elevation of ~850 m above sea level (Figure 1). Because 

the surrounding topography is so flat, the ice cap is completely unshaded 

so the effects of relief on topoclimate are minimized. Observations were 

initiated to determine the extent to which the ice cap assists in its own 

preservation by modification of the local climate (Bradley and Serreze, 

1985). As part of the observation program, hourly measurements of 

• 
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incoming short and long-wave radiation, cloud type and extent, surface 

albedo and net radiation were recorded. Instrumentation used is shown in 

Table 1. Here we describe results of the radiation measurements, 

stratified by cloud type, and discuss the relationships between surface 

albedo, cloud cover and net radiation, and their significance for ice cap 

mass balance. 

OVERVIEW OF CONDITIONS IN 1982 AND ~983 

Daily totals of incoming short radiation (Q,) and long-wave 

radiation (Ii) recorded at station Yankee are shown in Figures 2 and 3. 

Large day-to-day variations in Qt are associated with synoptic scale 

events, with peaks associated with clear sky anticyclonic conditions. 

Near the solstice (Julian Day (JD] 172) approximately 77% (19b2) and 74% 

(1983) of maximum short-wave radiation receipts at the top of the 

atmosphere, reached the surface. These values compare with a figure of 

81% recorded by Holmgren (1971) on the Devon Island Ice Cap in late June; 

this higher value probably reflects the higher elevation (1320 m) of the 

Devon Island station as compared to St. Patrick Bay Ice Cap. Daily 

variations of Ii are much less variable than QL and, as might be expected, 

there is a close inverse relationship between the two variables which 

reflects the influence of cloud cover. Under clear skies, Q~ is high but 

there is little counter-radiation (It). Conversely, under cloudy skies, 
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TABLE 1 

Radiation Instruments Used in Study 

Incoming and Reflected Short-wave Radiation (Qi and Qo 

Eppley 'Black and White' Pyranometers, Node! 8-48 

Incoming Infra-red Radiation (Ii) 

Eppley Precision Infra-red Radiometer (pyrgeometer) 

Net Radiation (R) 

'Fritschen type' Net Radiometers (Micromet Instruments) 
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Q~ is lower but counter-radiation from clouds is increased. Indeed, 

under dense overcast conditions, I~ may exceed Q~ (e.g. J.D. 188-196 in 

1983). The overall result of this inverse relationship between Q~ and I~ 

is that the daily variability of total radiation is much less then would 

be expected from measurements of Q~ alone. 

Hean hourly totals of Q ~ and I i are shown in Figure 4; Q ~ 

exhibits a clear diurnal pattern, with slightly lower values in 1983 when 

cloud cover was generally higher (averaging 7/10 in 1983, 6/10 in 1982). I~ 

shows little diurnal variation, reflecting the importance of atmospheric 

water vapor which undergoes little diurnal ch~nge. However,l983 values 

of Ii are lower than in 1982 due to the significantly colder conditions in 

the later year. 

THE ROLE OF CLOUD COVER ON Ql AND I~ 

Two seasons of hourly cloud cover observations allow an analysis 

of the role of cloud cover on Qi and Ii. Hourly totals of Qi and Ii 

measured under clear skies and different cloud types are plotted against 

solar angle in Figures Sa and Sb and 6a and 6b. In the analysis, clear 

skies are defined as ~3/10 cloud cover, and for each cloud type cloud 

cover was ~7/10. A linear regression model has been adopted even though 

extrapolation to zero solar angle gives negative values of Qi. However, 

for the range of solar angle considered here, the simple regression seems 
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most appropriate. Although some scatter is inevitably introduced due to 

a comparison of hourly total radiation and (instantaneous) hourly cloud 

observations, and although observations took place over two seasons as 

surface albedo changed, the correlation coefficients between solar angle 

and Qi are uniformly high and extremely significant (p = 0.001). 

However, values of Ii are independent of cloud type and of solar angle. 

To enable clear sky radiation receipts to be compared with those 

under different cloud conditions, the regression line for clear sky 

conditions (top left section of Figures Sa and 6a) is shown as a solid 

dark line in the other diagrams. Table 2 compares the relative 

transmission of Qi for various cloud types, for solar angles of 12° and 

30°. Relative transmission is defined here as hourly Qi received under 

cloudy skies (27/10 cloud-cover) as a percentage of hourly Qi received 

under clear skies (~3/10). The difference in relative transmission 

between these two solar angles is also shown (cf. Angstrom, 1934; 

Haurwitz, 1946, 1948; Holmgren, 1971; Liljequist, 1956; Vowinckel and 

Orvig, 1962). As one might expect, for the thinner, higher cloud types 

(cirrus/cirrostratus, altocumulus) relative transmission is high, while 

for the lower, thicker cloud types and for snowing conditions, relative 

transmission is much lower. 

In comparison with clouds in temperate regions, arctic clouds are 

noted for their higher relative transmission. Angstrom (1934) arrived at 

an annual mean of 23% relative transmission under dense overcast 
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Figure Sa: -2 -1 Mean hourly Qi (MJ m h ) vs. solar angle for clear 

skies .{.3/10 cloud cover and different cloud types (~7/10 
cloud cover. The regression line for each cloud type is 
shown enclosed by 95% confidence intervals. The regression 
equation, correlation coefficient (R) significance (P) and 
number of cases (N) for clear skies and the different cloud 
types are also shown. In the regression equation equations, 
solar angle is abbreviated as SA. The heavy line is the 
regression line for clear skies. 
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Figure 6a: Mean hourly Ii (MJ m-
2 

h-1) vs. solar angle for clear 

skies~3/10 cloud cover and different cloud types (~7/10 
cloud cover. The regression line for each cloud type is 
shown enclosed by 95% confidence intervals. The regression 
equation, correlation coefficient (R) significance (P) and 
number of cases (N) for clear skies and the different cloud 
types are also shown. In the regression equation equations, 
solar angle is abbreviated as SA. The heavy line is the 
regression line for clear skies. 
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TABLE 2 

Relative Transmission of Qi for Solar Angles 12° and 30° 

Under Different Cloud Types (%) 

(c) b-a 

Cirrus/cirrostratus 84 89 5 

Altocumulus 58 78 20 

Stratus 50 54 4 

Fog 46 67 21 

Altostratus 46 65 19 

Stratocumulus 35 66 31 

Snow 33 59 26 
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conditions in temperate regions. By contrast, in Antarctica, Liljequist 

(1956) arrived at a mean of 59.5%, while Holmgren (1971), on the Devon Ice 

Cap, noted even higher values of up to 70%. Both of the latter were 

summertime values. Table 3 also shows fairly high values of relative 

transmission, which lend support to the conclusions from these previous 

studies. 

Vowinckel and Orvig (1962) suggested that the main factors that 

determine the relative transmission of clouds are surface albedo and cloud 

albedo. A high surface albedo is effective in enhancing relative 

transmission because it promotes multiple scattering between the cloud 

base and the ground. Empirical equations that describe this process have 

been devised by Angstrom (1934) and Liljequist (1956). Arctic clouds are 

also thinner than their temperate counterparts. Because cloud thickness 

and cloud albedo are thought to be positively correlated, the 

comparatively lower albedo of arctic clouds should also increase their 

relative transmission. 

Griggs (1968) and Dave and Braslau (1975) showed that cloud 

albedo decreases with increasing solar angle. In temperate regions, the 

diurnal increase in solar angle, which by itself should lead to reduction 

of cloud albedo, is compensated for by an increase in cloud thickness in 

response to the pronounced diurnal increase in convection. As this 

should increase the cloud albedo, the diurnal range of relative 

transmission should be small, and, as Hewson (1943) argued, may be nearly 
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TABLE 3 

Ranking of li for Different Cloud Types with Solar Angle of 

20° (NJ m-1 h- 1
) 

* 
Cirrus/cirrostratus o. 773 96% 

Clear skies 0.802 100% 

Altocumulus 0.862 108% 

Altostratus 0.921 115% 

Stratus 0.939 117% 

Fog 0.983 123% 

Stratocumulus 0.994 124% 

Snow 1.021 127% 

* 
Relative to clear sky conditions at 20° solar angle. 
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zero. Conversely, in high latitude regions, where convection is limited, 

the diurnal range in cloud thickness is reduced, so the decrease in cloud 

albedo with increasing solar angle should be more pronounced. 

Thisprocess likely contributes to the noted high relative transmission of 

arctic clouds. 

Figures 6a and 6b show that Ii is not dependent on solar angle. 

In comparison with clear sky conditions, all cloud types (except 

cirrus/cirrostratus at low solar angles) result in an increase in Ii. The 

effect is most pronounced for denser cloud types, snow and fog, This is 

summarized in Table 3 which ranks Ii according to the regression-derived 

value for a solar angle of 20°.It is clear that the cloud types associated 

with the highest receipts of Ii (stratocumulus, stratus, snow and fog) are 

also associated with low relative transmission of Qi (Table 2). 

THE ROLE OF ALBEDO AND CLOUD COVER ON NET RADIATION 

Interactions between cloud cover and the surface play a major 

role in the radiation balance of a region. Surface albedo is an important 

component in these interactions. Here we consider the role of albedo and 

cloud cover on net radiation (R) at the surface. 

Tables 4 and 5 present correlation matrices between R,Qi,Ii, and 

the net long-wave (In = Ii +Io) and net short-wave (Qn =Qi+Qo) fluxes for 

conditions of high (>75%) and low (<20%) surface albedo. Data used were 
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TABLE 4 

Correlation Matrix of R, Qi,Ii, In and Qn 

for High Albedo Conditions (>75%)* 

ill-.. Ii In .ili!. 
li -0.54 

(741) 

In -0.59 0.57 
(741) (741) 

Qn 0.90 -0.51 -0.66 
(742) (741) (741) 

R 0.08 0.27 0.69 0.08 
(742) (741) (741) (742) 

* The number of cases are shown in parentheses. All correlations are 
highly significant (p = 0.001) except for that of R and Qn. 

TABLE 5 

Correlation Hatrix of R, Qi, Ii, In and Qn 

for Low Albedo Conditions (<20%)* 

.Qi li In 

Ii -0.55 
(544) 

In -0.86 0.72 
(544) (544) 

Qn 0.99 -0.54 -0.86 
(544) (544) (544) 

R 0.96 -0.38 -0.69 0.96 
(544) (544) . (544) (544) 

* The number of cases are shown in parentheses. All correlations are 
highly significant(p = 0.001). 



- 185 -

from the ice cap station Zebra (which operated over a fairly stable snow 

cover in 1983) and from station Yankee which operated over a low albedo 

bare till surface in 1982 (Bradley and Serreze, 1985). Using these two 

data sets, the effects of cloud cover on R under conditions of high and 

low albedo can therefore be investigated. 

HIGH ALBEDO (>75%) 

Under conditions of high albedo, R is strongly correlated 

(positive) with In, and poorly correlated with Qi, Qn and Ii (Table 4). 

This is clearly seen in Figure 7 where R is plotted against In and Qn. 

Similar relationships were found by Ambach (1974), Iloinkes (1970), 

Holmgren (1971) and Kuhn, et al. (1975). They note that In is very 

dependent on cloud cover. 

According to Ambach (1974), when the surface albedo is high, the 

radiation balance from clear (0/10 cloud cover) to overcast conditions 

(10/10 cloud cover) changes as follows: 

Qi(10/10) < Qi(0/10) Ii(l0/10) > Ii(0/10) 

Qo(l0/10) < Qo(0/10) 

Qn(l0/10) < Qn(0/10) 

as a result, R(l0/10) > R(0/10). 

Io(l0/10) ~ Io(0/10) 

In(10/10) > In(0/10) 

Ambach (1974) argued that under 10/10 cloud cover, Qi and Qo are 

reduced by cloud albedo and absorption. Qn is therefore also reduced but 

must remain positive. li increases with cloud cover, due to enhanced 
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counter radiation. This is confirmed by the data shown in Figures 6a and 

6b. Io depends on the surface temperature, and will be only marginally 

affected by an increase in cloud cover. Under clear skies (0/10), In is 

strongly negative, but under overcast conditions it can approach, or even 

exceed zero (Bolsenga, 1977). These relationships are supported in Table 

4, wher~ Ii and In (hence cloud cover) are both shown to be negatively 

correlated with ~i. 

Evidently, with an extensive cloud cover, the increase in In more 

than makes up for the decrease in Qn, resulting in an increase in R. This 

effect is clearly illustrated in Table 6, in which hourly totals of Qn and 

In from the present study are stratified according to three conditions of 

cloud cover (in tenths, 0-2, 3-6, 7-10, and the difference between last 

and first groups). The change in R from condition (a) to condition (c) 

is significant at the 99.9% confidence level. 

of sign. 

LOW ALBEDO (<20%) 

There is also a reversal 

With conditions of low albedo (<20%), R is strongly correlated 

with ~i, ~n (positive), and In (negative), and is poorly correlated with 

Ii (Table 5). This is almost a complete reversal of the previously 

described situation (albedo >75%). These results agree well with those 

of Wilson (1973), who found an almost perfect linear relationship between 

Qi (and hence Qn) and R when the albedo was low. As before, R is plotted 

against Qn and In (Figure 8). In contrast to the previous situation, the 
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TABLE 6 

Qn, In, and R Stratified According to Different 

Conditions of Cloud Cover with Surface Albedo >75%. 

(MJ m-2 h-1) 

a) 0-2 

0.247 

-0.208 

-0.040 

b) 3-6 

0.241 

-0.202 

0.039 

c) 7-10 

0.103 

0.007 

0.112 

TABLE 7 

(c-a) 

-0.144 

0.214 

0.152 

Qn, In, and R Stratified According to Different 

Conditions of Cloud Cover with Surface Albedo <20%. 

(HJ m-2 h-1) 

a) 0-2 

0.736 

-0.378 

0.357 

b) 3-6 

0.678 

-0.364 

0.324 

c) 7-10 

0.457 

-0.162 

0.295 

(c-a) 

-0.279 

0.216 

-0.062 
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variations in both Qn and In exert a strong influence on R. The 

influence of cloud cover on Qn and In is similar to that shown in Table 

6; however, in this case the reduction in Qn with increasing cloudiness 

more than makes up for the increase in In. This results in a decrease of 

R. These relationships are made clear in Table 7 (in the same manner as 

in Table 6). The change in R from condition (a) to condition (c) is 

significant at the 99.9% confidence level. Note that In is substantially 

more negative than it was with the high albedo situation. This is 

because the till surface at Yankee was normally at a higher temperature 

than the snow/ice surface at Zebra and therefore had a higher value of 

Io. As the value of Ii at both stations was assumed to be identical, 

more negative values of In at Yankee resulted. 

DISCUSSIO 

It is evident that the relationships between cloud cover and 

ground albedo exert a major control on R, and hence should have an 

influence on the health of the ice cap. The relationships discussed here 

find support in numerous other studies. 

For example, Holmgren (1971) in a synoptic energy balance study 

on the Devon Island Ice Cap (N.W.T., Canada) noted that the lowest values 

of R were obtained when the surface was frozen and had a high albedo 

(Table 8). With the same surface characteristics but with an overcast 

sky, R rose dramatically. With a melting surface (lower albedo) and 

clear skies, again with light winds, R attained much higher values. 

Similar relationships were found by Alt (1978) on the Meighan Ice Cap 

(N.W.T., Canada). 

Tables 6 and 7 show that the increase in R from relatively clear 
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TABLE 8 

R at Devon Island Ice Cap Station Under 

Different Weather Conditions (~U m-2 h-1) 

(after Holmgren, 197l,Part F,p.34) 

Wind Surface 

Clear Light Frozen 

Overcast Light Frozen · 

Overcast Strong Helting 

Clear Light Helting 

Clear Light Frozen 

R 

0.043 

0.083 

0.162 

0.158 

0.014 
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(0-2 tenths) to cloudy (8-10 tenths) skies, when the surface albedo is 

high, is more than twice ( R = 0.152 HJ m-2 h-1) the corresponding 

decrease in R when the surface albedo is low ( R = -0.067 HJ m-2 h-1). 

This is intriguing, as it suggests that clear conditions in late spring 

(high albedo), by greatly reducing R from its already low values (and even 

reversing the sign) would tend to delay ablation. The reduction of R 

would seem to be doubly important at this time, as the sum of the net 

energy sources is, in general, already very small. Once ablation has 

commenced and the albedo drops off, the importance of Qn becomes 

established. Once this point is reached, cloudy conditions (by 

significantly reducing Qn) would be more favorable to the survival of a 

glacier. 

In fact, cloud cover in the arctic does generally increase during 

the sunwer due to the increased availability of water vapor and the 

development of more unstable atmospheric conditions. This suggests that 

a snow cover may benefit from the normal pattern of both late spring (high 

albedo, clear skies) and summer (lower albedo, cloudy) conditions, which 

reduce ablation and thereby enhance its prospects for survival. This, of 

course, takes only radiative factors into account, and advection is sure 

to be more important in many cases. Nevertheless, the results do suggest 

that these interaction between albedo, the seasonal progression of cloud 

cover, and net radiation are important links in the persistence of 

seasonal snow cover. 



- 193 -

REFERENCES 

Alt, B.T. 1978. Synoptic climate controls of mass balance variations on 

Devon Island Ice Cap. Arctic and Alpine Research, 10, 61-80. 

Ambach, W. 1974. On the influence of cloudiness on the net radiation 

balance of a snow surface with high albedo. 

13(67), 73-84. 

J. Glaciology, 

Angstrom, A. 1934. Total radiation from sun and sky at Abisko. 

Geografiska Annaler, 58A, 71-81. 

Bolsenga, S.J. 1977. Radiation balance over a continuous snow surface: 

A review. U.S. Dept. Commerce, NOAA, Great Lakes Environmental 

Research Laboratories, Contribution 108, 88 pp. 

Bradley, R.S. and Serreze, N., 1985. Glacio-climatic studies of a high 

arctic plateau ice cap part II: topoclimate (submitted). 

Dave, J.V. and Braslau, N. 1975. The effect of cloudiness on the 

transmission of solar radiation through realistic model 

atmosphere. J. Applied Meteorology, 14, 388-395. 

Griggs, M. 1968. Aircraft measurements of albedo and absorption 

of stratus clouds and albedo. J. Applied Meteorology, 1, 

1012-1017. 

Haurwitz, B. 1946. Insolation in relation to cloud type. J. 

Meteorology, 3, 123-124. 

Haurwitz, B. 1948. Insolation in relation to cloud type. l· 

Meteorology, 5, 110-113. 

Hewson, E.W.l943. The reflection, absorbtion, and transmission of 

solar radiation by fog and cloud. Quarterly J. Royal 

Meteorological Society, 69, 47-62. 



- 194 -

Hoinkes, H. 1970. Radiation budget at Little America V., 1957. 

pp. 163-284 in !sage Proceedings, Publication 68, lASH, 

Gentbrugge, Belgium. 

Holmgren, B.l971. Climate and energy exchange on a sub-polar ice cap 

in summer. Arctic Institute of North America, Devon 

Island Expedition, 1961-1963. Part E. Radiation Climate. 

Meddelanden fran Uppsala Universitets, Meteorologiska 

Institutionen, Nr. 111. 111 pp. 

Kuhn, ~1., Kundla, L.S., and Stroschein, A. 1975. The radiation 

balance of Plateau Station, Antarctica, 1966,.1967 pp. 41-73 

in Meteorological Studies of Plateau Station, Antarctica. 

Institut fur Meteorologie und Geophysik der Universitet, 

Innsbruck, Austria. 

Liljequist, G.H. 1956. Energy exchange of an arctic snowfield, 

Norwegian-British-Swedish Antarctica Expedition, 1949-1952. 

Scientific Results, Part lE, Vol 2. 

Oslo, 184 pp. 

Norsk Polarinstitut, 

Vowinckel, E. and Orvig, S. 1962. Relation between solar radiation 

and cloud type in the arctic. 

552-559. 

J. Applied Meteorology, 1, 



- 195 -

GLACIO-CLINATIC STUDIES OF A HIGH ARCTIC PLATEAU ICE CAP: 

PART IV: ENERGY BUDGET 

M.C. Serreze and R.S. Bradley 

University of Massachusetts, Amherst 

ABSTRACT 

Measurements of energy budget terms were made at 85U m on a small ice 
cap and on a nearby tundra/felsenmeer surface in June and July 1983. 
Both sites remained snow-covered for most of the season. Sensible and 
latent heat fluxes were larger over the ice cap, probably due to high wind 
speeds resulting from smoother surface conditions. Sensible heat flux at 
both sites showed diurnal variations related to changes in stability in 
the lower atmosphere (15-150 em). Over the ice cap, sensible heat flux 
was generally directed downward due to the strong inversions cormnonly 
present there. Sensible and latent heat terms were markedly different 
with changes in airflow over the region. Totals of energy budget terms 
at the ice cap stations for the period of record are presented. 

INTRODUCTION 

t1eteorological observations on and around the "St Patrick Bay Ice Cap" 

on northeastern Ellesmere Island, were carried out in the SU@ners of 1982 

and 1983 in order to assess the effect of the ice cap on local climate. 

Details of instruments used and results obtained have been described 

elsewhere (Bradley and Serreze 1985a and b; Serreze and Bradley, 1985; 

Palecki, ~ al., 19c>5). Here we discuss the results of energy budget 

measurements made in 1983 (from June 14 to July 29; Julian Day [JD) 

165-210). 

ENERGY BUDGET TERHS 

The energy budget is defined as the apportionment of net radiation 
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(the balance between incoming and outgoing short and longwave radiation) 

between the non-radiative surface energy fluxes and storage terms. 

glacier, it can be expressed as follows (Paterson, 1981): 

R + Qh + Qe + P - A G - H = 0 

where: 

R = Net radiation (defined above) 

M = Energy used to melt snow and ice 

(Equation 1) 

For a 

6G = Change in heat content to a depth where heat transfer is negligible 

Qh = Transfer of energy between the atmosphere and surface by conduction 

(negligible) and convection (sensible heat) 

Qe = Transfer of energy between the atmosphere and the surface by 

evaporation and condensation (latent heat). 

P = Heat supplied by precipitation. 

R, Qh and Qe are positive when directed toward the surface. P and 4G are 

positive when the snowpack gains heat while M is positive when there is 

melt. 

In 1983, Qh, Qe and R were measured at stations Zebra (ice cap) and 

Yankee (tundra) and despite an essentially complete snow cover at both 

sites, some interesting differences were noted. 6 G was measured in the 

snowpack at Yankee. Although 4G and M were not measured at Zebra they 

were combined and determined (as a residual) which allows some check on 

the energy budget at this site. 

The turbulent fluxes of Qh and Qe at Zebra and Yankee were calculated 

as follows (Sellers, 1965): 

Qh = pCpk 2 (AuAT)/ln(z 1 /z~) 2 Wm- 2 (Equation 2) 
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(Equation 3) 

Where p and Cp are the density and specific heat of air, k is Von Karmen's 

constant (0.4), Lis the latent heat of evaporation, and IT, T, and ij are 

the time-averaged wind speed, temperature, and specific humidity at 

heights z1 and z~. 

Wind speed, temperature, and relative humidity were recorded hourly at 

15 (z1 ) and 150 (z~) em. The instruments used are described in Bradley 

and Serreze (1~85b). The values of p, Cp, and L were obtained from the 

Smithsonian Meteorological Tables. 

The saturation vapor pressure over ice and water (es and ew 

respectively, in Nm-2) at z1 and z, were obtained from equations described 

by Williams (personal conuaunication): 

a) over ice, 203.15°K ~ T ~ 273.15°K 

es = 610.64*EXP (22.457 ((T - 273.15)/(T - 0.56)) (Equation 4) 

b) over water, 273.15°K ~ T ~ 298.15°K 

ew = 610.64*EXP(l7.491 ((T - 273.15)/(T- 0.56)) (Equation 5) 

The values obtained were multipled by the relative humidity to yield vapor 

pressure (e). Using an assumed atmospheric pressure of 91000 Pa, q was 

calculated as follows: 

q = (0.622 e)/91000 g kg-1 (Equation 6) 

HEASUREfviENT DIFFICULTIES 

There were a number of occasions, during particular weather 

conditions, when the quality of the collected data suffered. The most 

common problem was the collection of rime on the anemometer cups. Rime 
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preferentially collected on the upper anemometer (150 em), resulting in an 

under-representation of ~u. At Yankee, which was close to base camp, 

rime could be removed frequently. However, due to the extremely poor 

visibility during riming conditions, station Zebra was sometimes left 

unattended for several days. On such occasions, rime sometimes collected 

in sufficient amounts that the data recorded could not be used. A 

similar problem sometimes occurred with the temperature and relative 

humidity sensors. 

At both stations, during clear, calm conditions, it was occasionally 

noted that the lower anemometer cup was slowly spinning while the upper 

instrument remained still. This could have resulted from a very 

low-level katabatic flow that only occurred when the existing circulation 

was very weak. Although interesting, such observations were eliminated 

from consideration, as the wind gradients in no way followed a logarithmic 

profile. On the same kind of days, especially during low sun hours, the 

upper (150 em) temperature sensors were sometimes prone to direct solar 

heating. By making the temperature gradients more positive, this tended 

to emphasize positive values of ~h. As these same sensors also measured 

relative humidity, any direct solar heating (by increasing temperature and 

decreasing relative humidity) could also have caused errors in the 

calculation of Qe. The combined effect of all of these events resulted 

in .., 20% of the data being discarded. 

DIURNAL CHANGES IN ENERGY BUDGET CONPONENTS 

In order to understand some aspects of the energy budget at each 
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station it is first necessary to examine the record of atmospheric 

stability inunediately above the surface at each observation site .• 

Average lapse rates in the 15-150 em layer are shown in Figure 1. It is 

clear the stability at station Yankee was greatest during the early and 

late hours of the day. At Zebra, there were also two peaks in diurnal 

stability, but they occurred later in the morning and earlier in the 

evening than those at Yankee. At both stations, stability decreased in 

the late afternoon hours although instability was more common at Yankee. 

Overall, inversions were present 53% of the time at Zebra and 40% of the 

time at Yankee (Bradley and Serreze, 19H5b). 

Figures 2 and 3 show mean l1ourly totals of ~h, ~e and R at stations 

Zebra and Yankee (positive values denoting an energy flux towards the 

surface). Marked diurnal variations in all components are apparent. 

is also clear that daily changes of stability at each site and recorded 

values of ~h are strongly related (cf. Figure 2 and 3 with Figure 1). 

It 

At station Yankee (except for early and late in the day) Qh was generally 

directed away from the surface, with minimum values corresponding to the 

period of maximum instability at that site. At station Zebra, where 

stable conditions were more common, Qh was positive for almost the entire 

day, on average. It became negative for only a short period, centered on 

150Uh, when the daily energy surplus was near its maximum. A time lag 

ofN3 hours occurred between the time of maximum Rand the time of most 

negative Qh. 

At both stations, Qe was generally negative (i.e. evaporation from the 

surface) and was greatest in mid-afternoon. During nightime conditions 
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(low sun) Qe became less negative, even attaining positive values at Zebra 

(i.e. condensation at the surface). At station Zebra, Qh and Qe were 

commonly directed in different directions. With a stable temperature 

profile, Qh must be directed toward the surface, however, stable 

conditions will only affect the magnitude of Qe. As long as there is a 

negative specific humidity gradient (a common daytime situation) Qe will 

be directed away from the surface. Conversely at station Yankee, both Qh 

and Qe were usually directed away from the surface, indicating that both 

vapor and temperature gradients were usually negative. 

Despite the pervasive snow cover at both stations, the vertical 

surface relief at Yankee was much greater (N20 em) than at Zebra ~5 

em). This is because the surface underlying the snow cover at Yankee was 

hu~nocky till, while the surface urtderlying the snow cover at Z~bra was 

fairly smooth glacial ice. By its influence on wind, temperature, and 

specific humidity gradients, this difference in surface relief between the 

two stations probably accounted for many of the measured differences in Qh 

and Qe. 

Mean seasonal wind speeds at 150 em (ul50 em) and6u were computed for 

both stations. The results are as follows (ms-1); 

ul50 em 

Au 

Zebra 

3.1 

0.9 

Yankee 

2.7 

0.4 

The difference between the stations in ul50 em and Au is significant (p = 

0.1). 

The effect of surface relief on the windfields is examined in further 
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detail in Figure 4 which plots hourly ul50 em 'for both stations and Figure 

5 which compares hourly 1l u. At Zebra, ul50 em was higher, resulting in 

larger values of A u. This probably accounts for the larger absolute 

magnitude of the turbulent fluxes there, as compared to Yankee. Diurnal 

trends in u and Au were probably the result of the diurnal trend of 

stability on a regional scale. However, the differences between stations 

point to significant differences in microclimate, despite the fact that 

both sites were snow-covered. 

In summary, it is clear that an important difference between the two 

sites -- one snow-covered tundra/felsenmeer and the other snow-covered 

glacier ice -- is the magnitude and rlirection of sensible heat transfer. 

This is related to the temperature gradients and wind profiles near the 

surface which were significantly different in spite of the apparent 

homogeneity of the snow-covered surface for much of the measurement 

period. However, the fact that station Zebra was underlain by ice, which 

absorbed heat to a greater depth than the tundra underlying station 

Yankee, meant that surface snow temperature at Zebra was generally lower 

than at Yankee (until regional melt conditions prevailed). This meant 

that surface inversions tended to be stronger and more persistent at Zebra 

than at Yankee. Thus, the material underlying the surficial snow layer 

played a role in determining low-level stability conditions. 

It must be noted that the foregoing discussion assumes that the 

measured flux of sensible heat at the surface over the 15-150 em layer is 

truly representative of the surface flux. However, this may not be a 

reasonable assumption at all times since strong surface inversions may be 
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below the lowest measurement level (15 em)., It was common at Yankee for 

the 15 em level to be >0°C while the snow-surface itself remained below 

0°C and a negative temperature gradient (instability) was present from 

15-150 em. Estimates of Qh based on the 15-150 em temperature gradient 

at such times would be in the wrong direction. Unfortunately, surface 

temperatures were not continuously measured (because of difficulties 

associated with heating of the sensors) so it is not possible to quantify 

how important this effect might have been. However, is is clear that, 

depending on the strength and frequency of the near surface (0-15 em) 

inversion, overall estimates of Qh based on the 15-150 em temperature 

gradients may be in error. 

WIND lWSES OF Qh AND Qe AT YANKEE 

Some insight into reasons for the observed climate at a location can 

be determined by examining wind roses of climatic elements (Alt, 1975). 

Wind roses of Qh, ({e, wind direction, wind speed, temperature and relative 

humidity are shown in Figure 6. 

The roses of Qh and Qe are similar in overall shape. Fairly negative 

values for both fluxes were the rule when the wind was from the NNE and 

the south. This is because these directions were associated with both 

high wind speeds and low temperatures. High wind speeds result in large 

values of A u while the advection of cold air across the ice cap would 

tend to favor negative temperature gradients. The combination of these 

factors probably accounts for the strong sensible heat loss (negative 

Qh). The cold air probably also had a low vapor pressure, thereby 
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strengthening the near-surface vapor gradient. Combined with the high 

wind speeds, this probably accounts for the strong evaporation (strongly 

negative Qe). 

With an easterly wind component, both Qh and Qe were small in 

magnitude. This is because the wind speeds from this direction were also 

low, reducing Au and the momentum flux. Conversely, Qh and Qe both 

tended to become positive when there was a westerly component to the 

wind. This is because these wind directions were associated with higher 

temperatures (Figure 6). This inflow of warm air tended to favor 

advection inversions, resulting in positive values of Qh. These positive 

values of Qh were also generally large in magnitude, a result of high wind 

speeds from this direction. The large positive spike of Qh with a NW 

wind was based on only a few observations so it is unclear how much 

significance should be attached to these values. 

The generally positive values of Qe with a westerly wind component 

arises from the fact that the associated temperatures were fairly high 

which would favor high vapor pressures. Evidently, advected air from 

this direction carried enough moisture to reverse the vapor gradient. 

The combination of high temperatures and positive Qh and Qe suggests that 

the relative frequency of westerly airflows may have a significant impact 

on the mass balance of the ice cap (also see Bradley and Serreze, 

1985a). 

CHANGE IN HEAT STO.RAGE (fiG) OF SNOVJPACK AT YANKEE 

The change in heat storage of a vertical column of snow is dependent 
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on a number of processes, most importantly, conduction, radiation absorbed 

at depth, and the refreezing of meltwater or rain within the snowpack. 

Air circulation and the movement of water vapor can also transfer heat 

within the snowpack (Paterson, 1981), but these factors are generally of 

lesser importance. The change in heat storage of ice is mainly by 

conduction and radiation absorbed at depth. The change in heat storage 

of a vertical column of snow or ice to a depth where heat transfer is 

negligible* can be calculated as follows: 

/1 G = (T,_ - Ti.)P Cs d J m-2 (Equation 7) 

where T and T are the temperature at times 1 and 2 (°K), d is the 

thickness of the layer where T2. - T1 is measured, p is the density of the 

snow (k gm-3), and Cs is the density-independent specific heat of snow or 

ice (2090 J kg-1 K-1). 6 G is positive when there is a net heat gain 

within the snowpack. 

At Yankee, thermistors were placed at two depths within the snowpack 

(-0.02cm, -0.20cm) and at the original snow/tundra interface (-0.37 em). 

By taking half-distances between these depths, three values of d were 

defined (d = 0.11 em, d = 0.18 em, d = 0.37 em). T,_- T1 was 

calculated within each of these layers and was assumed to remain constant 

with depth within each layer. The density of the snowpack increased 

throughout the season, so the thickness of each layer also decreased. 

*Note that this is a calculation ofdG within the snowpack only. The 

actual depth to which heat transfer is negligible is unkown, and likely 

extends to a shallow depth below the tundra surface. 
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These ·changes were duly noted and the data accordingly adjusted. 

Measurement of~G within a snowpack, although straightforward in 

theory, is in practice subject to error. Density changes and depth of 

the snowpack are difficult to measure accurately. Density is especially 

difficult to measure when meltwater or rain refreezes at depth because the 

development of ice layers and lenses make the snow cover inhomogeneous, so 

density can change irregularly with depth. The cables for the 

thermistors may offer pathways for the percolation of meltwater, so that 

measured temperatures may not be representative of the snowpack as a 

whole. Snow is also a semi-transparent medium, and allows the 

penetration of short-wave radiation at depth. This can cause undue 

heating of the upper thermistors. Because of these sources of error, it 

is difficult to measure AG with anywhere near the resolution that, for 

instance, radiative fluxes can be measured. 

should be viewed with these caveats in mind. 

1be results presented here 

Figure 7 plots mean hourly A G and shows a marked diurnal trend. The 

snowpack underwent a slight loss of heat in the early and late hours of 

the day. At these times, the sum of the other energy sources (R and Qh) 

were at their minimum. During the high-sun hours, 6 G became positive. 

The bulk of the heat gain during these hours was due to radiation absorbed 

at depth. The maximum change in storage occurred at 1400 h, several 

hours after the time of maximum R. 

Daily values of A G are presented in Figure 8. The day-to-day 

changes were largely due to the combined effects of R, Qh, Qe, and on one 

occasion, precipitation (P). Two major events within the record are 
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of interest. The first was the large loss in heat storage on Julian Day 

1M4. This day was characterized by strong winds (strongest of the 

season), fog, and low temperatures. 

The other significant event was the large gain in heat storage from 

J.D. 192-195. This corresponded to a period of rain (0.70 em) which 

rapidly warmed the snowpack by refreezing at depth. During this event, 

the snowpack became almost isothermal. In fact, after J.D. 200, 4G 

remained nearly constant, at close to zero, corresponding to isothermal 

conditions in the snowpack. In this regard, it is worth noting that on 

J.D. 199, runoff was observed on a smaller, ice cap to the west. 

THE ENERGY BUDGET AT ZEfiRA 

The energy budget at the surface is defined in Equation 1. Here, we 

provide a check on the energy budget at Zebra. By summing R, Qh and ~e 

for tl1e season along with an estimated value of P, the combined 

contributions of 4G and M to the energy budget can be determined as a 

residual in the energy balanc,e equation. 

As noted above, because 20% of the hourly totals of Qh and ~e had to 

be discarded (due to poor data quality) the values for the fluxes do no~ 

represent complete totals (as compared to the total measurement season), 

Altogether, M78 valid hourly observations of R, Qh, and Qe were used. 

Based on these data, the following values of heat budget components were 

obtained: 
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p = +2 
R = +92 

Qh = +16 
~e = -32 

G+H = +7b 
The value of p represents the re-freezing of 0.70 em of rain within the 

snowpack (on J.D. 193-195). 

A minimum estimate of H \vas determined from a calculation of the total 

mass loss from a snowpit adjacent to Zebra. The measured loss of 4.6 ern 

w.e. corresponds to a consumption of 15 HJ m- 2 This is a minimum 

estimate, as free water stored within the snowpack is unacccounted for. 

From stake measurements, it was determined that ~5 em of superimposed 

ice had formed on the ice cap. Part of this superimposed ice represents 

the refreezing of liquid precipitation, while the remainder is refrozen 

meltwater. Although the superimposed ice therefore required some 

snowmelt, consuming energy, an equivalent amount of energy was released 

when the meltwater refroze, so there was no net energy gain or loss to the 

system. 

Subtracting this (minimum) estimate of M from the original residual 

yields a value of 63 HJ rn -z, which corresponds to any additional M and A G 

(as well as measurement error). No estimate of d G alone is available 

for the ice cap site. 

The energy unaccounted for is less than total R, which indicates that 

the heat budget closes with a tolerable degree of accuracy (at least 

within the right order of magnitude). The agreement is not bad at all 

when it is considered how small all of the heat budget terms are. For 
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example, the largest term, R, represents the amount of short-wave energy 

(Qh) that would be received on only three clear days near the solstice and 

total Qh for the 37-day record corresponds to considerably less than the 

short-wave energy that would be received on a single day. 

SUHHARY 

Energy budget measurements on the St. Patrick Bay Ice Cap during June 

and July 19b3 were carried out at two sites, one in the center of the ice 

cap (station Zebra) and the other on tundra/felsenmeer near the edge of 

the ice cap (station Yankee). 

of the period of record. 

rloth sites remained snow-covered for most 

Diurnal changes in Qh were related to changes in stability conditions 

in the 15-150 em layer above the ice cap surface. The overall magnitude 

(absolute values) of the turbulent fluxes (Qh and Qe) was larger at the 

ice cap site than the snow-covered felsenmeer site. This is probably due 

t6 the smoother surface conditions at Zebra which consequently led to 

higher windspeeds (u 150 em) and larger values of ~ u. Hhether the 

difference in Qh and Qe between a smooth and an uneven snow-covered 

surface has any implication for the survival of a snow-cover (i.e. a 

"self-preserving effect") depends on the net effect of these fluxes, their 

magnitude and direction, and their influence on other terms of the energy 

budget. Further study of this question is warranted. 

Stratification of Qh, Qe, windspeed, temperature and relative humidity 

by wind direction at station Yankee indicates that the relative frequency 

of different synoptic conditions has a significant impact on the mass 
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balance of the ice cap. For example, NNE and SSE airflows were rather 

common in 19H3, and were associated with high windspeeds, low 

temperatures, and a tendency for both Qh and Qe to become negative, 

factors that would contribute to the health of the ice cap. Conversely, 

a westerly airflow, although uncommon in 19H3, was associated with high 

temperatures and positive Qh and Qe, conditions detrimental to the health 

of the ice cap. 

If the conditions associated with certain wind directions are the same 

from year to year (which only further investigation could ascertain) an 

analysis of past synoptic patterns may provide some clue as to the mass 

balance history of the ice cap. Bradley and serreze, (1984a) made gross 

estimates of mass balance history of the ice cap for the last several 

decades by examining melting degree day data from Alert, approximately 40 

km north of the ice cap. Hmvever, these data may only be applicable to a 

small coastal strip of northeastern Ellesmere Island, and may not always 

be representative of conditions over the ice cap. Hence, an analysis of 

energy budget terms in relation to synoptic circulation patterns (as for 

example carried out by Alt, 1975; 1978) would be a more useful way of 

looking at long-term changes in mass balance of the St. Patrick Bay Ice 

Cap. 
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GLACIO-CLIMATIC STUDIES OF A HIGH ARCTIC PLATEAU ICE CAP: 

PART V: BOUNDARY LAYER CONDITIONS 

M.A.Palecki, M.C.Serreze and R.S.Bradley 

University of Massachusetts, Amherst. 

ABSTRACT 

Thirty-nine low altitude (<400 m) soundings were made over St. Patrick 
Bay Ice Cap (81°57'N, 64°13'W) during June and July 1983. Measurements 
of dry-bulb and wet-bulb temperature, wind direction and speed and air 
pressure were made by a radio-equipped instrument package suspended from a 
tethered, helium-filled balloon. Flights took place in predominantly 
anticyclonic conditions. The data present a unique, high-resolution, 
view of conditions in the boundary layer above a near isothermal snowpack 
on a high altitude plateau in the Arctic. Case studies of the flights 
reveal a variety of macro-, meso-, and microscale processes affecting the 
local atmospheric conditions, and, thus, the energy and mass balance of 
the ice cap. 

INTRODUCTION 

Meteorological measurements on and around a small plateau ice cap on 

northern Ellesmere Island, N.W.T., Canada were carried out in the summers 

of 1982 and 1983 (Figure 1). The objective was to study the role of the 

ice cap in modifying local climate with a view to understanding the role 

of feedback mechanisms which might be effective in plateau glacierization. 

Observations at the surface, along a transect from the ice cap center to 

the adjacent unglacierized (felsenmeer) plateau surface, provided a 

measure of any "cooling effect" which the ice cap might exert (Bradley and 

Serreze, 198Sa). However, it was hypothesized that the ice cap would 

also have an effect on the lower atmosphere by modifying boundary layer 

conditions above, and perhaps (to some unknown extent) around the ice cap. 

Analysis of standard radiosonde data (e.g. Bilello, 1966) is not very 

helpful in addressing this question. Such data are almost exclusively 

made at widely separated drifting ice stations or at coastal sites which 

......... '" 
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are not representative of surface conditions inland, particularly in 

summer. 

Furthermore, conventional radiosonde data are relatively coarse, with 

observations generally recorded at vertical intervals of >100 m. In 

short, to study th~ effect of an ice cap on the lower boundary layer, 

detailed soundings directly over the ice cap are needed at regular 

intervals. Such observations are rarely carried out because of the 

logistical difficulties involved. In particular, the transportation of 

helium to the field site poses significant problems. Nevertheless, in 

the summer of 1983 a tethered instrumented balloon was used to record the 

fine structure of the lower atmosphere (up to 400m) over the St. Patrick 

Bay Ice Cap (81°57'N, 64°13'W)(Figure 1). The original objective was to 

record soundings over the snow-free tundra and over the adjacent 

ice-cap. However, due to low summer temperatures in 1983, snow-cover 

persisted across the plateau throughout the summer (Bradley and Serreze, 

198Sb) making it impossible to compare conditions over contrasting 

surfaces as planned. In spite of this, the observation program produced 

a unique set of soundings over a near-isothermal snowpack during 

conditions of continuous daylight. 

INSTRUMENTATION AND OBSERVATION PROGRAM 

Measurements of wet and dry bulb temperature, pressure, wind speed and 

direction were made with a Tethersonde (TM) system. Details of the 

instruments are given in Table 1. The Tethersonde comprises a direction 

were made with a Tethersonde (TM) system. Details of the 
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TABLE 1 

Tethersonde* Instrumentation 

Dry bulb temperature and wet 

bulb depression: 2 precision, interchangeable 

linearized thermistors (accuracy 

Pressure: piezoresistive aneroid, 

automatically adjusted for 

temperature change (accuracy 

±1.0 mb) 

Wind Speed 3 cup anemometer with continuous 

voltage generation (accuracy 

±0.25 m/s). 

Wind direction Magnetic needle locked to a 

circular potentiometer (accuracy 

*Tethersonde is a trade mark of Atmospher.ic Instrumentation Research, 

(AIR) Boulder, Colorado. 

Figure 2. The Tethersonde (TM) system ready for launch at station Yankee. 
The instrument package is suspended from the balloon. Ground 
receiving station and power winch are on the right. 
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instruments are given in Table 1. The Tethersonde comprises a 

radio-equipped instrument package (1.2 kg) suspended from a 15 m3 

helium-filled balloon tethered to a power winch (Figure 2). As the 

balloon ascended, the on-board sensors were scanned at a pre-set interval 

and data were transmitted to a ground receiving station. Data were 

recorded on a cassette tape for later analysis. 

Thirty-nine soundings were made on six days, generally at two-hour 

intervals (Table 2). Soundings took place at three different sites 

(Figure 1): at ice cap Station Zebra on Julian Days (JD) 173, 180 and 

203; at Station X-Ray on JD 197 and 200; and at Station Yankee on JD 

204-205. Station elevations differ by less than 50 m. The snowpack at 

Zebra was considered to be near isothermal on JD 172 and was probably near 

isothermal during flights after this. The flights at X-Ray took place 

over a thin, patchy snow cover interspersed with frost-heaved till and 

felsenmeer. The flights at Yankee took place over a thin but almost 

continuous isothermal snow cover. 

Flights were restricted to only six days because of limitations of the 

system, logistical problems and meteorological conditions. The large 

balloon became unstable and could not be flown when wind speeds exceeded 

8-10 m/sec. The balloon used a large volume of helium (15m3 ) which had 

to be transported in heavy (~60 kg) cylinders to the field site. In 

addition two car batteries and a portable generator were needed for the 

winch and ground receiving station. Only four cylinders could be taken to 

the ice cap because of weight limitations. Overall the complete system 

and four helium tanks weighed 111 350 kg. Furthermore, no field building or 



SITE 

X-Ray 

Yankee 

Zebra 

TABLE 2 

Summary of Tethered Balloon Flights St. Patrick Bay Ice Cap 

DATE (Julian Days) 

7/16/83 (188) 

7/19/83 (200) 

7/23/83-7/24/83 
(204-205) 

6/22/83 (173) 

6/29/83-6/30/83 
(180-181) 

7/22/83 (203) 

TIME (hour) 

1400,1600,1800 
2000,2200,0000 

1400,1600,1800 
2000,2200,0000 

1400,1600,1800 
2000,2200,0000 
0200,0400,0600 
0800,1000,1200 

0000,0200,0400 
0600,0800,1000 

1600,1800,2000 
2200,0000,0200 

1000,1200,1400 

METEOROLOGICAL CONDITIONS 

Clear, light breeze from North. 
Temperature <0°C. 

Clear, calm, Temperature >0°C 

Generally clear, periods of high 
thin cirrus, gradual advance of 
altocumulus late morning of 7/24. 
Winds calm. 

High, thin cirrus, light breeze 
from SE. Temperature >0°C 

Clear and calm. Temperature >0°C 

Clear, light breeze from NE. 
Temperature >0°C 

REMARKS 

Several flights to 
elevations >400 m. 

A complete diurnal study 
Excellent flights. 

Unable to achieve 
high altitudes due to 
wind. Ascent date for 
1000 flight lost due to 
equipment failure. 

Optimum conditions. 
Excellent flights. 

N 
N 
N 
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tent large enough to protect the inflated balloon was available, 

therefore, the balloon was inflated only when weather conditions were 

good. This provided observations under generally anticyclonic conditions 

with relatively low wind speeds (Table 2). Hence, although the 

observations are not representative of a wide range of meteorological . 

conditions, they do reflect those occasions when any 'ice cap effect' on 

the boundary layer was likely to be maximized. 

Data were recorded during both balloon ascents and descents. 

However, data from the upward flights were most consistent. Because of 

the system design and its response to wind speed and wind shear changes, 

downward flight data were less useful. Similar problems were noted by 

Whiteman (1980). In the following section, only ascent data were used. 

In general, these data were considered to be excellent. 

DATA ANALYSIS 

From the parameters measured (temperature, wet bulb depression, wind 

speed and direction and pressure differential, from the surface) the 

following variables were computed using the formulae in Table 3: height, 

potential temperature, specific humidity and Richardson numbers (Ri). 

However, there were problems in computing Richardson numbers based on the 

wind speed data recorded 'instantaneously' at each level. Any errors in 

the wind speed gradient greatly affect the value of Ri (Table 3) and may 

lead to erroneous estimates. This should be kept in mind when 

considering the values of Ri reported below. 

The layer of air near the surface is affected by four basic processes: 
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TABLE 3 

Formulae Used in Derivation of Variables 

Saturated Vapor Pressure: 

Vapor Pressure: 

Thickness of Air Layer: 

Height: 

Potential Temperature: 

Richardson Number: 

Specific Humidity: 

e = 6.1078 x 10( 7 · 5T ) 
s 237.3 + T 

e = e 0.00066 (1 + 0.00115 T') 
SW 

llH 14.636(T1 + T2) 
pl 

= ln-
p2 

n 
H l: (llH). n i=l 

]. 

8 (T + 273 . 15 )(1~00)0.286 

Ri = 9.807 (ll8/llH) 
8(llu/llH) 2 

0.622e 
q = P-0,3•78e 

/ 

p (T - T I) 

All formulae are from Atmospheric Instrumentation Research (1977) except 

for the specific humidity formula from Oke (1974). 
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turbulent flux, clear-air radiation, surface radiation, and 

advection/subsidence. Significant turbulent flux is limited to the 

planetary boundary layer (PBL) reaching zero near its top. Clean-air 

radiation affects all atmospheric layers simultaneously, while surface 

radiation affects only the lowest layer of air directly. The balance of 

radiative fluxes in a layer is controlled by air temperature, moisture 

content, and the radiative features of nearby air layers. 

Advection/subsidence processes introduce air masses with different 

properties into the local environment. The interactions of these four 

processes create the temperature, humidity and wind profiles observed. 

FLIGHTS ON JULIAN DAYS 204 AND 205 (JULY 23 AND 24) 

The most detailed series of soundings were obtained at Station Yankee 

on JD 204-205. Twelve high quality soundings were obtained over a 24 

hour interval during generally clear anticyclonic conditions. Their 

major features are summarized in Table 4. Using the data collected during 

this diurnal cycle, the planetary boundary layer (PBL, defined as the 

height at which Ri was greater than 0.5) was generally in the range of 

8-12 m. This was only exceeded during a period of turbulence between 

0300 and 0700 on JD 205 (Table 4). On this basis, the surface layer 

(generally cosidered to be 5-10% of the depth of the planetary boundary 

layer) was estimated as 0.4-1.2 m. Observations of this layer are 

discussed in Bradley and Serreze (1985a). Here, we discuss the sequence 

of changes which took place in the lowest 300-350 m of the atmosphere over 

the snow-covered plateau surface. 



TABLE 4 

Yankee Flights JD 204-5 

Hour Net LWout T E.l dT
1

/100m E.2b h dT/lOOm h % -o -2t -u 

1400 0.146 1.079 2.50 15 6.36 148 186 2.47 70 10 

1600 0.357 0.813 2.80 20 3.89 86 130 2.95 - 11 

1800 0.246 0.817 3.18 51 1. 76 82 141 2.39 42 10 

2000 0.037 0.937 2.53 18 4.35 41 94 3.19 47 8 

2200 -D.032 0.954 2.85 57 3.86 - - - 20 8 

2400 -0.121 0.963 2.79 81 2.63 - - - 15 8 

0200 -0.143 1.031 2.55 72 0.64 77 162 2.35 44 2 
N 
N 

0400 -0.069 1.008 3.07 56 136 2.81 53 35 0\ - -

0600 -0.120 1.147 3.70 3 3.33 77 178 1.58 

0800 -0.056 1.107 1. 96 21 2.50 49 89 5.15 16 8 

1000 0.034 1.095 2.60 47 0.96 57 92 4.91 19 12 

1200 0.198 1.031 3.60 17 0.73 61 110 3.63 41 9 

Key 

-2 -1 Net: Net Radiation (MJ m hr ) LWout: Outgoing longwave radiation (MJ m-2hr-1) 
T

0
: Surface temperature (°C) h 1: Height of surface inversion (m) 

dT1/100m: Temperature gradient in the surface inversion (°C/100m). 
h2b: Base height of above surface inversion (m) h2t: Top height of above surface inversion (m) 
dT2/100m: Temperature gradient in the above surface inversion (°Cl00m) 
hu: Height of maximum wind speed hR: Height of lowest layer where Ri = 0.5. 
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Station Yankee flight profiles 
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By early afternoon on JD 204, there was a double inversion structure 

evident (Figure 3). The lower inversion appears to have been associated 

with turbulent cooling of air brought to the surface. A large slightly 

stable layer extended to 150 m. There was no moisture gradient in this 

layer, indicating that it was probably detached from the surface. This 

also account for its jet-like wind speeds that are 2 m/s faster than the 

layers below or above (Figure 3). Finally, large calculated Ri values 

(Table 5) indicate the well stratified nature of this layer. The air in 

this layer had been advected over a snow free valley, across a side slope, 

and only briefly over the snowpack to the SSW of Station Yankee. 

The second inversion layer coincided with a lower wind velocity, an 

increase in moisture, a decrease in Ri number, and the beginning of a wind 

vector rotation (Figure 3). This inversion is probably due to regional 

subsidence, with the air above more representative of the large scale air 

mass. The rotation of the wind vector clockwise, pointing more toward 

high pressure, indicates the weakening of wind shear with height that is 

readily apparent in the wind profile. 

Alternatively, the second inversion level in flight 1400 may in fact 

be the remnant of a surface inversion from the previous low-sun period. 

This would indicate that 150 m is the extent of the PBL over the area on a 

mesoscale level. The 150 m layer may be a remnant of active convective 

mixing from the morning. To differentiate between large, medium, and 

micro scale mechanisms, time marches of the profiles must be examined. 

When comparing the 1400 and 1600 profiles (Figure 3), it is immediately 
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TABLE 5 

Richardson Numbers: Selected levels, Yankee Flight 

JD 204 (July 23, 1983) 

Hour Bottom (m) Top (m) Midpoint (m) Richardson No. 

1400 1 13 7 0.21 
13 64 39 3.38 
64 107 86 1.23 

107 144 125 0.94 
144 174 159 0.70 
194 253 223 6.29 
281 311 294 11.55 
342 358 350 1.85 

1600 2 13 7 0.03 
13 41 27 2.44 

1800 1 17 9 0.287 
17 34 28 5.18 
34 78 56 -0.17 
78 132 104 6.53 

132 164 148 1.30 
163 227 195 4.32 

2000 1 16 9 0.55 
16 48 32 0.61 
1 95 48 13.65 

48 110 79 3.16 

2200 3 17 10 0.74 
1 47 24 2.41 

25 52 39 0.94 
52 104 78 2.83 

2400 1 16 8 0.45 
1 28 14 5.66 

16 55 36 0.23 
55 106 81 28.80 

106 152 129 5.98 
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apparent that the second inversion moved down about 60 m, leaving its 

structure intact. The layer of air above the inversion uniformly warmed 

by 0.5°C. It is likely that the warming was due to the movement of this 

air downward. Thus, by examining the relationships of different 

variables within each flight and comparing them with subsequent profiles, 

a physical process can be identified more clearly. 

The wind maxima observed in the lower atmosphere are perhaps 

unexpected. However, they are relatively common during stable evenings 

in mid-latitudes, and certainly seem common in the balloon data profiles. 

There are many situations when such jets may develop: directly above the 

PBL under anticyclonic conditions (Thorpe and Guymer, 1977; Garratt and 

Brost, 1981); as a result of the oscillation of mesoscale pressure 

gradients (Hahn, 1981); due to a step change in surface roughness 

(Korrell, et al., 1982); as a result of flow between two stable layers 

(Hsu, 1979) and flow within a stable layer (Li, et al., 1983). There is 

a unifying tendency in all such jet formations: they exist in areas of 

low shear stress (Mahrt, 1981; Mahrt, et al., 1979). Stable 

stratification may develop above a turbulent boundary layer due to 

advection/subsidence and clear-air radiative cooling. The winds become 

decoupled from those below and rotate away from the geostrophic 

direction. Eventually winds at all layers rotate, and significant shear 

is developed. This shear can eventually build-up to the point that there 

is a penetrative turbulence event that decreases the wind shear and 

flattens the wind profile. With large wind shear and stable temperature 

gradients, wind jets will usually be located at levels with a high 
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Richardson number. It is therefore is of interest that there is 

generally an associated wind jet just above layers with a high 

Richardson number on flights between 1400-2400 (Figure 3 and 4; Table 5). 

The general evolution of temperature and wind profiles are closely 

linked, relating to the stability of the air layer. There are turbulent 

interludes (Panofsky and Dutton, 1984) that cause interaction between the 

turbulent boundary layer and the layer above it (which may be a jet). 

Normally, in the lowest part of the turbulent boundary layer total cooling 

is maintained by radiational cooling and by turbulent warming. In the 

middle part, total cooling is maintained by heat flux divergence (cold air 

is brought from the surface by returning turbulence). Then in the 

uppermost layer, cooling is again dominated by radiative loss (Garratt and 

Brost, 1981). When air above is cooled radiatively, the stratification 

can cause the penetrative turbulence mentioned earlier. This has a 

temperature effect exclusive of the wind velocity decrease. The air 

mixed in the lower jet layer is cooled down, while the air in the 

turbulent boundary layer is warmed up. This process of warming the 

surface has been recognized as a major control on surface temperatures 

over a snowpack (Halbertstam and Melendez, 1979). In fact, just such an 

event occurred betweeen 0300-0700 causing the surface temperature to rise 

1.15°C from the 0200 to the 0600 flights, and the planetary boundary layer 

to double in thickness (Figure 5). 

Specific humidity gradients can be small or large, elevated or 

surface-based. All types have been observed in the balloon data. A 
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noticeable positive gradient at the surface may be a good example of the 

drying power of snow (Treidl, 1970), as turbulent interactions in the 

nocturnal boundary layer remove heat and water vapor. A noticeable 

gradient at an elevated position is probably indicative of two different 

air masses of local and regional temperature and stability. 

The flights at Yankee presented an interesting sequence of events 

(Figures 3-6). During the late afternoon and early evening, subsidence 

continued until the surface inversion and subsidence inversion were 

indistinguishable (Figure 4). By 1800, wind had slowed down and the wind 

jet altitude had lowered. This was probably in response to the reduction 

of local pressure gradients with height as the solar energy diminished 

over snow-free areas. Wind direction switched to NE at higher levels, 

rotating gradually with height. Since winds remained NE at high levels 

and increased in strength the next day, it is likely that the weakening in 

the evening winds were due to the location of a macroscale high pressure 

center very close by. 

The transitional period from 2200 to 0200 showed clearly the evolution 

of temperature structures (Figures 4 and 5). The maximum rate of 

clear-air radiational cooling was at the top of the inversion, declining 

with temperature both above and below the maximum inversion temperature 

level. The lowest sun occurred before the 2400 flight, which was already 

showing cooling at the upper part of its inversion. The lowest part of 

the boundary layer was growing increasingly neutral, as radiative warming 

(flux from the surface and warmer air layers) counteracted the cooling 

effects of a very weak PBL. Table 4 shows that the cooling at the top of 
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the inversion took place at the rate of l.l6°C/hr between 2400 and 0200, 

with the surface cooling at a rate of only 0.12°C/hr. While some of the 

radiative flux warmed the lower PBL, almost all of it went toward warming 

the significantly cooler layer above the original inversion height. 

Thus, through purely radiative effects in the clear air, the lowest layer 

of the atmosphere has become quite neutral, with a stable inversion layer 

now significantly removed from the ground. 

Between 0200 and 0800 it is clear that something happened that calls 

for a different explanation. The wind jet above the PBL increased in 

speed to the point that wind shear overcame the weakened temperature 

stratification and created turbulence in the shear zone (Panofsky and 

Dutton, 1984; Halberstam and Melendez, 1979). This mixing cooled the 

area above the shear zone (intensifying the inversion above surface level) 

and warmed the surface layer and expanded PBL. It should also be noted 

that not only wind velocity shear took place, but severe wind directional 

shear also occurred, adding to the turbulence. The specific humidity 

during this time period was in two modes, drier at the surface and moister 

above. This indicates that the wind direction shear was caused by local 

and regional winds with different sources. 

After 0600, the stratified lower atmosphere returned. Weakly stable 

temperature gradients were capped by a thin inversion layer that lowered 

slightly to an equilibrium position between turbulent and clear air 

radiative fluxes. During the morning (Figure 6) the second inversion 

maintained the same level even as the lower layer underwent a 1.5°C 

warming. The inversion was restricted by an increase in wind speed above 
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75-100 m, constantly advecting air with the same temperature profile from 

a regional air mass. The PBL was very shallow, with a weak radiative 

inversion close to the surface. There was still a jet above the PBL, 

with the maximum jet level more or less coinciding with the level at which 

the wind direction vector rotated. Differences in moisture were still 

apparent between the upper and lower layers. 

FLIGHTS ON JULIAN DAY 180-181 (JUNE 29 AND 30) 

The flights on JD 180-1 over the central part of the ice cap 

(Station Zebra) are noteworthy in that they demonstrate the development 

of shallow, very strong surface inversions as the sun lowered in elevation 

(Figures 7 and 8). Wind decreased in the late afternoon which enabled 

wind jets to develop at low elevations, with their own directional 

dependencies. By mid-evening, though, winds had picked up from the SSE, 

with increasing temperatures and a steady wind direction throughout. 

Moisture content of the air increased steadily throughout the flights. 

There may have been a general subsidence taking place also, as a weak 

elevated inversion layer "passed through" the surface profile (Figure 

7). Again the PBL was limited by stable stratification at the surface. 

FLIGHTS ON JULIAN DAY 203 (JULY 22) 

The flights on JD 203 at Station Zebra took place around the local 

solar maximum (Figure 9). The most interesting feature present was the 

wind shift from east to west and back to east in the four hour period. 
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for Julian Day 180 (1600-2000 hours). 



- 239 -

~.o--------------------------~ 

sso.o 

300.0 

g 250.0 

~ ~0 
150.0 

100.0 

50.0 

22 

o. 0 1. 0 2. 0 s. 0 4. 0 5. 0 6. 0 

TEMPERAn.R:: lCl 

400.0~---------------------------, 

350.0 

300.0 

~ 250.0 

~ 200.0 

~ 150.0 

100.0 

so. 0 

22 

02 

2.0 s.o ~0 5.0 6.0 

SPECIFIC HUMIDITY CG/KGl 

400.0~--------------------------~ 

350.0· 

300.0 

~ 250.0 

~ 200.0 

150.0 

100.0 

50.0 

r 
02 

)o 

22 tl 24 

o.o--~----~~~~----~----~~ o. 90. 180. 270. 960. 

TRUE loi!NO DIRECTION 

~-0~------------------------
sso.o 

soo.o 
22 

250.0 
02 

200.0 

150.0 

100.0 

so.o 

279. 280. 281. 262. 283. 284. 265. 

POTEN'TIAL TEMP 00 

350.0 

300.0 

250.0 

200.0 

150.0 

100.0 

so.o 

o. 1. 2. 3. 4. 5. 6. 

J.liNJ SPEED 04/Sl 

Figure 8: 

Station Zebra flight profiles 
for Julian Days 18Q-181 (2200-0200 hours). 



- 240 -

~0~------------------------~ 

sso.o 10 

12 

300.0 

~ 250.0 

~ 200.0 

150.0 

\ 100.0 

50.0 
..,, ____ ..... 

~o~~r-~---r-'~=-~~---r--~ 
o. 0 1. 0 2. 0 s. 0 4. 0 s. 0 6. 0 

TEMPERATl.re tO 

400.0~---------------------------

350.0 

~, 
\ 

} 
~ {t 

10 14 1Z 

\) 

300.0 

~ 250.0 

~ 200.0 

150.0 

100.0 

50.0 
,p-+ 

~~ .... 
~o~ .. -----r-----r~~~----~~ 

2. 0 3. 0 4. 0 5. 0 6.0 

SPECIFIC HUMIDITY (G/KGl 

400.0~--------------------------

350.0 

300.0 

g 250.0 

~ 200.0 

150.0 

100.0 

50.0 

o. 90. 1 BO. 270. sso. 
TRUE ~INO DIRECTION 

~0~------------------------~ 

sso.o 10 

300.0 

250.0 

200.0 

150.0 

100.0 

50.0 

279. 280. 281. 282. 283. 284. 285. 

POTENTIA.. TEMP DO 

400.0~------------------------~ 

350.0 

300.0 

250.0 

200.0 

150.0 

100.0 

50.0 

o. 

Figure 9: 

1. 2. 3. 4. s. 
wn.D SPEED 04/5) 

Station Zebra flight profiles 

6. 

for Julian Day 203 (1000-1400 hours). 



- 241 -

The hour with the wind from the west indicated the generally warmer nature 

of air flow from this direction after the snow had melted in the lowlands 

to the west. The east winds were both cooler and drier, as they came 

from the pack ice covered channel. The cause of the wind shift may be a 

local wind system funneling through low spots in the topography, 

alternating between cold air off the coast and warm air inland, similar to 

a mesoscale land-sea breeze. 

FLIGHTS ON JULIAN DAY 200 (JULY 19) 

The flights on JD 200 at Station X-Ray provide another good example of 

a subsidence inversion propagating downward (Figures 10 and 11). From 

1400-2400, a mass of air descended, warming the lower 350 meters of the 

atmosphere as the day progressed. Intermediate elevation increased in 

temperature by 5°C, and near-surface layers increased by 3°C, even as the 

sun declined. Such events may have a significant impact on ablation on 

the plateau. The layer of subsiding air was very stratified and had high 

wind speeds. Subsidence was weaker in the last four hours, allowing 

local wind systems to create fine surface jets. 

CLIMATIC IMPLICATIONS OF ATMOSPHERE-SURFACE INTERACTIONS 

As mentioned earlier, the main processes affecting atmosphere-surface 

interactions are turbulent boundary layer fluxes, surface and clear-air 

radiative fluxes, advection, and subsidence. The balloon data have shown 

that all these processes are important during the short melt season of 

this high Arctic plateau. Clear-air radiative loss stratifies lower 
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Station X-Ray flight profiles 
for Julian Day 200 (1400-1800 hours). 



- 243 -

~0~------------------------~ 

sso.o 

soo.o 

g 250.0 

~ 200.0 

~ 150~0 
100.0 

50.0 

o. 0 1. 0 2. 0 s. 0 41. 0 s. 0 6. 0 
TEMPERAT\.R: 0 

40~0~--------------~~~--------~ 

350.0 

300.0 

g 250.0 

~ 200.0 

~ 150.0 

zz 
Z4 

100.0----~~------------------~ 

350.0 

300.0 

~ 250.0 

~ 200.0 

150.0 
+ 

100.0 

50.0 

o. so. 1 eo. 210. 

TRUE WINO DIRECTION 

~0~--------~------------~ 

sso.o 

300.0 

250.0 

200.0 

150.0 

100.0 

so.o 

280. 281. 282. 283. 281. 265. 286. 287. 

POTENTIAL TBP GO 

sso.o 

soo.o 

250.0 

200.0 

150.0 

100.0 

so.o 

~o~~~~~r-~~-T~--~~~ 
o. 1. 2. s. 4. s. 8. 7. a. 9. 

WINl SPEED 04/Sl 

Figure 11: 

Station X-Ray flight profiles 
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layers and limits the range of turbulent fluxes that would normally be 

expected to freely carry away heat and water vapor from the surface. The 

air near the surface was almost always cooler and drier than the air 

above. However, this was not a static condition; in the normal 

evolution of the surface inversion, a low-level wind jet formed in the 

layer of air above the inversion. By increasing wind shear in this 

region, the stratified jet was eventually invaded by penetrative 

turbulence from the inversion layer. The air above the inversion was 

cooled. More importantly, though, the surface temperature was increased 

by over l°C for several hours, until this extra heat was transferred to 

the surface. Such a sequence of events has not been widely observed and 

could be very important in ice and snow mass balance (Halberstam and 

Melendez, 1979). 

An important regional consideration is the extent of bare ground. 

Areas that are not snow-covered create convective turbulence by heating 

the atmosphere. Not only is the warm air available for advection, but 

the upward convection causes air over non-convective surfaces (e.g. ice 

caps) to subside. The balloon flights have demonstrated that subsidence 

is a very effective warming process on the high Arctic plateau. 

On the local level, there is the possibility that an oscillating wind 

system exists, due to differing pressure gradients created by non-uniform 

surface heating and topography. This may affect the ice and snow 

adversely, depending on the extent of bare ground immediately around. At 

the St. Patrtick Bay Ice Cap, there is also the possibility of relatively 

cool breezes from the ice-covered Robeson Channel (and Greenland 
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beyond). The distinct separation of local winds and regional flow under 

conditions of light geostrophic winds causes the lower layer of air to 

have different characteristics than the free atmosphere. 

In light of this research, several approaches to examining 

atmosphere-glaciation level relationships can be looked at. Problems are 

abundant in trying to extrapolate temperature upward from a near sea level 

weather station to plateau surfaces (Bradley, 1972). In fact, our 

conclusion is that there is in general no way to predict the various 

topographic and surface effects on temperature profiles knowing only 

sea-level surface temperature. Actual upper air soundings are the 

minimum needed to discuss relationships between atmospheric and surface 

processes ( Kuhn, 1979; Braithwaite, 1979). However, the determination 

of a statistical relationship between a certain isotherm and glaciation 

level a short distance away may be possible (e.g.Bradley,1975) with the 

slope and intercept representing averages of local physical processes 

taking place. 

It is important to remember that surface-scale processes can be quite 

overwhelmed by synoptic scale atmospheric conditions. Recent changes in 

freezing level indicate gross atmospheric conditions may have favored the 

glacierization of upland surfaces (Bradley, 1973). However, Alt (1979) 

has found that occasional periods of persistent high pressure over the 

area have, in the past, resulted in extremely negative mass balance 

conditions, eliminating the accumulation of snow and ice from many 

previous years. At such times, warm air advection was important in 

enhancing ablation, but the results of this study suggest that at higher 
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altitudes subsidence was probably equally important. 

In conclusion, it is clear that more research is needed on this 

important problem of localized surface effects. The feedbacks of the 

surface-atmosphere system are not known well at all on this scale. The 

balloon system approach, though cumbersome, has provided excellent data 

with which to identify important processes. An improved approach to 

utilizing the balloon system could include making several rapid ascents 

with little time in between (Mahrt, et al., 1979) and averaging the 

results, or stopping the ballooon every fifty meters to gain information 

from each level for ten minutes (Trombetti and Tampieri, 1983). These 

averaged results would be more useful in using profile relationships and 

Richardson numbers that should be based on time averages. Finally, upper 

air and synoptic data should be included in future studies to specifically 

identify and quantify surface-atmosphere-climate relationships. 



- 247 -

REFERENCES 

Alt, B., 1979. Investigation of summer synoptic climate 

controls on the mass balance of Meighen Ice Cap. 

Atmosphere-Ocean 17, 181-199. 

Atmospheric Instrumentation Research, 1977. Tethersonde Operations 

Manual. A.I.R., Boulder, Colorado. 

Bilello, M. 1966. Survey of Arctic and Subarctic Temperature Inversions: 

Technical Report 161, U.S. Army Material Cornman, CRREL, Hanover, 

New Hampshire, 38 pp. 

Bradley, R.S., 1972. The problem of inversions in estimating the height 

of glaciation limits in arctic regions. 

4, 359-360. 

Arctic and Alpine Research, 

Bradley, R.S., 1973. Recent freezing level changes and climatic 

deterioration in the Canadian Arctic archipelago. Nature 243, 

398-400. 

Bradley, R., 1975. Equilibrium-line altitudes, mass balance, 

and July freezing-level heights in the Canadian High Arctic. 

Journal of Glaciology 14, 267-274. 

Bradley, R.S. and Serreze, M.C., 1985a. Glacio-climatic studies of a High 

Arctic plateau ice cap: Part II: topoclimate (submitted). 

Bradley, R.S. and Serreze, M.C., 1985b. Glacio-climatic studies of a High 

Arctic plateau ice cap: Part I: mass balance. (submitted). 

Braithwaite, R. 1979. Glacier energy balance and air temperature: 

comments on a paper by Dr. M. Kuhn. Journal of Glaciology 22, 

501-503. 



- 248 -

Garratt, J. and Brost, R., 1981. Radiative cooling effects 

within and above the nocturnal boundary layer. 

Sciences 38, 2739-2746. 

J. Atmospheric 

Hahn, C., 1981. A study of the durnal behavior of boundary-layer 

winds at the Boulder Atmospheric Observatory. Boundary-Layer 

Meteorology 21, 231-245. 

Halbertstam, I. and Melendez, R., 1979. A model of the planetary 

boundary layer over a snow surface. Boundary-Layer Meteorology 

16, 431-452. 

Hsu, S., 1979. Mesoscale nocturnal jetlike winds within the 

planetary boundary layer over a flat, open coast. 

Boundary-Layer Meteorology 17, 485-494. 

Korrell, A., Panofsky, H. and Rossi, R., 1982. Wind profiles at the 

Boulder Tower. Boundary-Layer Meteorology 22, 295-312. 

Kuhn, M., 1979. On the computation of heat transfer coefficients 

from energy-balance gradients on a glacier. J. Glaciology 22, 

263-272. 

Li, Xing-sheng, Gaynor, J. and Kaimal, J., 1983. A study of 

multiple stable layers in the nocturnal lower atmosphere. 

Boundary-Layer Meteorology 26, 157-168. 

Mahrt, L., Heald, R., Lenschow, D., Stankov, B. and Troen, I., 1979. 

An observational study of the structure of the nocturnal 

boundary layer. Boundary-Layer Meteorology 17, 247-264. 

Mahrt, L., 1981. The early evening boundary layer transition. 

Quarterly Journal of the Royal Meteorology Society 107, 329-343. 



0~~, T., 1974. B9PAd~ry lqy~~ cftffl~fr'· M~~r»~n ~n4 CoFp~py, ttq., 
~ondon. ~7~ pp~ 

1984. 
I ' 

~ohn 

Wiley aqd ~qn~~ H~~ lAr~~ ~97 PP· 

Tflqrpe, A. ~qq Qqrm~p, T,, +Q77~ . The noct~~q~l ~~~· Quarterly 

Journal o~ tp~ RQyal , Me~eo~ological Soc~~ty lOJ, 633-653. 

~r~idl~ ~ •• 1970. , ~ c~se, ~t~qy of warm air ,advection over a melting 

snow surface. Boundary-Layer Meteorology 1, 155-168. 

[ro~betti, F. and Tampieri, F., 1983. An interpolation method 

of randomly distributed atmospheric data in the height-time 

domain. Boundary-Layer Meteorology 25, 159-170. 

Whiteman, C., 1980. Breakup of Temperature Inversions in Colorado 

Mountain Valleys. Atmospheric Science Paper No. 328, 

' ' ~ ' 

Cl~matolo~y Reppr~ NP ; 80-82, Department of Atmospheric Sciences, 

~o~qrapq ~tA~~ p~!ver~ity, Fort Collins, Cqlorado. 250 pp. 



- 250 -

ASPECTS OF THE PRECIPITATION CLIMATOLOGY OF THE CANADIAN HIGH ARCTIC 

R.S. Bradley and J.K. Eischeid 

University of Massachusetts, Amherst 

ABSTRACT 

Most precipitation in the High Arctic results from a relatively small 
number of discrete precipitation events. The synoptic circulation 
patterns giving rise to these events is investigated for significant 
precipitation (SP) events at Alert. Four major synoptic type sequences 
are shown to be important. Precipitation events are then examined in 
relation to temperature. Precipitation is positively correlated with 
temperature and, in winter, days with precipitation are significantly 
warmer than other days. The implications of these facts for the 
interpretation of ice core oxygen isotope records is investigated. There 
is no ~ priori reason why ice core oxygen isotope records should be 
related to mean annual temperature. Oxygen isotopes should reflect 
accumulation changes. The available data shows that this is only true for 
two periods in the Dye-3 record. Further research on the proper 
interpretation of ice core oxygen isotope records is needed. 

INTRODUCTION 

Although long-term meteorological observations are quite sparse, it is 

well known that precipitation amounts in the High Arctiuc are extremely 

low and the area can justifiably be described as a polar desert (Bovis and 

Barry, 1974; Maxwell, 1980). In the Queen Elizabeth Islands of northern 

Canada, precipitation records (mostly from coastal sites near to 

sea-level) indicate a range of 75-170 mm per year; the only inland 

record (from Lake Hazen) indicates that even lower amounts (25-50 mm) may 

occur in interior lowlands (Table 1). Analysis of the daily 

precipitation records from High Arctic stations points to another 
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TABLE 1 

Annual Precipitation Amounts 

(after Fristrup, 1961; Putnins, 1970; Bradley and England, 1978) 

Period Total -Adjusted 

Station Location Elevation of Record Precipitation Total(mm*2 

Alert 82°30'N,62°20'W 63 1951-1975 158 170 

Eureka 80°00'N,85°56'W 10 1947-1975 60 76 

Isachsen 78°47'N,l03°32'W 25 1948-1975 105 125 

Resolute A 74°43'N,94°59'W 64 1947-1972 134 154 

Thule 75°32'N,68°45'W 60 1951-1970 139 153 

Jorgen 
Bronlunds 82°10'N,30°30'W 5 1948-1950 55 

Nord 81°36'N,l6°40'W 35 1952-1956 204 

L.Hazen 81°49'N,71°18'W 1957-1958 25 50** 

* Assuming daily trace recordings = 0.127 mm 

** Estimate based on observations of snow depth and density on Lake Hazen 

(Jackson, 1960). 
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important characteristic of precipitation in these regions: most 

precipitation occurs on a relatively small number of days per year. At 

Alert, for example, 80% of all precipitation results from precipitation 

events ~ 1 mm which occur on only 22% of days. Similarly, at Thule, 

Greenland, 73% of all precipitation occurs on less than 10% of days. 

Here, we examine precipitation events in more detail to determine (a) what 

circulation patterns give rise to the bulk of High Arctic precipitation 

and (b) what is the proper interpretation of the oxygen isotope content of 

precipitation from the High Arctic •• 

PRECIPITATION EVENTS 

Since the bulk of precipitation in the High Arctic results from a 

relatively small number of events it is of interest to examine these 

events in some detail. A "substantial precipitation" (SP) event is 

defined here as any one day, or sequence of consecutive days, on which 

precipitation occurred resulting in a cumulative total exceeding 5% of the 

annual mean. Using long-term data from Alert (1951-1981) the 5% threshold 

for this analysis is 7.7 mm. On this basis, 151 SP events occurred in 

the 31 year period of study (~ 5 SP events per year). SP events ranged 

in duration from 1 to 15 days, averaging~ 4 days per event (Table 2). 

Overall, SP events accounted for 48% of mean annual precipitation yet they 

occurred on only~6% of days per year. Of course, the contribution of 

SP events to total annual precipitation varies from year to year (Figure 

1); in 1975 they were responsible for only 24% of the yearly total 
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TABLE 2 

Substantial Precipitation (SP) Events at Alert, N.W.T. (1951-1981) 

Mean Annual Precipitation: 155.3 mm (6.11 inches) 

Minimum amount for SP event 7.7 mm 

Mean No. SP events per year 

Mean No. days per SP event 

Max. No. days per SP event 

Min. No. days per SP event 

Mean precipitation per event 

Max. Precipitation per event 

Max. frequency of SP events 

4.9 

4.3 

15 

1 

15.3 mm 

41.6 mm 

August (26% of all events) 
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Flgure 1. Annual precipitation at Alert (solid line) and total amount 
from SP events (dashed line). There are approximately 5 SP events per 
year on average (Table 2). 
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whereas in 1954 they resulted in 73% of the annual amount. 

Monthly frequencies of SP events are shown in Figure 2. Their 

occurrence is clearly at a maximum in late summer/early Fall. The three 

months of July-September account for 64% of all SP events. 

SYNOPTIC CIRCULATION PATTERNS AND SP EVENTS 

In order to understand the circulation patterns which bring about SP 

events, 104 case studies in the period 1951-70 were examined. These 

occurred on 6% of days and resulted in 50% of precipitation in the 

period. Using sea-level pressure maps for the polar regions (European 

Meteorological Bulletin) synoptic circulation patterns on days with 

substantial precipitation and on the preceding 2-3 days were examined. 

Although there are, no doubt, many inaccuracies in the charts for this 

area because of the limited synoptic reporting network, it was 

nevertheless clear that four basic patterns (sequences of synoptic types) 

accounted for most SP events (91% of the total) over the 1951-70 period. 

The four sequences are as follows (see Figure 3 and Table 3): 

A. Low pressure center tracking across the central Arctic Islands. 

A low pressure center enters the archipelago generally between the 

mainland coast and Ellef Ringnes Island crossing to northern Baffin 

Island, Devon Island or southern Ellesmere Island. Precipitation at 

Alert is associated with southerly airflow as the low moves eastwards. 

This type is relatively uncommon (6% of SP events). 
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Figure 2. Frequency histogram of SP events by month at Alert, 1951-81. 
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Figure 3. Principal features of synoptic circulation type sequences 
A,B,C and D. 
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TABLE 3 

Synoptic Type Statistics (1951-1970) 

Types* B c D E 

Percentage of SP events 6 16 30 40 9 

Average precipitation (mm) 18.5 13.9 14.6 15.3 14.1 

Average # days per event 5.2 3.7 3.7 4.6 4.7 

Percentage of total 
Precipitation (during SP 
events only) 4 16 30 42 8 

*Type E = indeterminate patterns. 
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B. Low pressure center tracking northward up Baffin Bay. 

Low pressure centers may reach the vicinity of northern Ellesmere 

Island, or northern Baffin Bay having tracked across Baffin Island (from 

the southwest) or directly up Davis Strait from Labrador. Some of these 

types may originate with depressions crossing the southern arctic islands 

on a track parallel to, but south of, the typical "sequence A" track. 

The low may decay in northern Baffin Bay, move around the northern coast 

of Greenland or over central Ellesmere Island. Depending on the precise 

track, moist southerly air may reach northern Ellesmere or airflow may be 

off the Arctic Ocean. This type is not very common (16% of SP events 

studied). 

C. Low pressure center tracking from the Beaufort Sea. 

Low pressure centers commonly move from the Beaufort Sea (north of 

Alaska) skirting the western edge of the arctic islands. A trailing cold 

front may cross the area. A related type involved a more direct path 

from the Arctic Oceaqn proper, often crossing near the North Pole towards 

northern Ellesmere Island. These types account for 30% of SP events. 

D. High pressure center south or southwest of Ellesmere Island. 

High pressure centers often move slowly south and southwest of 

Ellesmere Island resulting in northerly airflow from the Arctic Ocean. 

This type accounts for most SP events (40%). 

These circulation sequences are similar in many ways to the major 

synoptic types identified by Alt (1975) in a study of energy budget and 
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mass balance data from Meighen Island. Alt's type I is similar to our 

synoptic type sequence B and Alt's type II to our type sequence C. 

Interestingly, Alt found that her type II circulation patterns resulted in 

large amounts of precipitation on the ice cap, just as they do at Alert. 

It is surprising that the "Baffin Bay track" (type B) is not more 

important for precipitation at Alert. Most climatologies point to this 

as the principal track for depressions into the High Arctic (e.g. Klein, 

1957; Reed and Kunkel, 1960; Wilson, 1967). However, in terms of 

significant precipitation events, the Beaufort Sea track is more 

important. It is also of interest that most of the significant 

precipitation events are associated with northerly airflow from the Arctic 

Ocean. Presumably, with more open water conditions off the coast, 

precipitation amounts associated with this type would be even greater. 

The results of this study confirm the views of Jackson (1961), Alt 

(1975) and Bradley and England (1979) that the movement of low pressure 

centers along the western edge of the Arctic Islands may contribute 

significantly to total annual precipitation. Over the period 1951-70 

such events, occurring on only 5-6 days per year, contributed 15% of 

annual precipitation, on average. Any increase in the frequency of these 

types would have a major impact on annual precipitation totals. 

Similarly, northerly airflow associated with (on average) 9 to 10 days of 

slowly-moving high pressure south and southwest of Ellesmere Island (type 

sequence 4) results in 20% of annual precipitation at Alert. With more 
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open leads, this figure could increase greatly. This inference has some 

support from the data in Figure 4 which shows mean precipitation from 

sequence D circulation patterns, by month. Precipitation amounts reach a 
,, 

peak in September when open water is most abundant. 

THE INTERPRETATION OF ICE CORE ISOTOPIC RECORDS 

Although ice cores can provide a vast amount of paleoclimatic 

information, ranging from atmospheric composition and turbidity to solar 

output variations (Bradley, 1985), attention continues to focus on the 

oxygen isotope record within the ice (e.g. Dansgaard, et al., 1982, 1984; 

Fisher, et al., 1983). Following the work of Dansgaard (1964) and 

Dansgaard, et al. (1973) who regressed mean annual temperature at various 

locations with b 18
0 in precipitation, it has generally been assumed that 

the ~ 18 0 record is a direct proxy of mean annual temperature. However, 

this is not a physically meaningful relationship. The ice core record 

itself is obviously a record of precipitation and the bulk of high arctic 

precipitation only occurs on a small fraction of days per year, as noted 

earlier. Why should the mean temperature of 365 days, many of which are 

dominated by strong winter surface inversions under anticyclonic 

conditions, be related to S'3 o in precipitation on the relatively few days 

per years when snow falls? One possible solution is that the mean 

temperature of "precipitation days" co-varies with that of mean annual 

temperature (i.e. of all days per year). However, there is very little 
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Figure 4. Average precipitation at Alert per SP event, resulting from 
synoptic circulation type sequenceD (1951-70). 
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correspondence between such records, as Figure 5 illustrates. This is 

also true at Resolute, Eureka, Isachsen and Thule (not shown). 

It is noteworthy that the "mean precipitation day" temperature is 

significantly warmer than mean annual temperature (Figure 5). If the 

same data are examined on a monthly basis, it is clear that this is not 

true for summer months (Figures 6 and 7). Days with precipitation are 

warmer than the mean of "all days" (which includes precipitation days) 

from September to May. At Thule, the difference reaches 8°C in March. 

This is because precipitation-bearing systems involve the advection of 

warm air into the Arctic. In summer months, precipitation days are 

cooler than the mean of all days because summer precipitation events 

generally interrupt periods with relatively clear skies and strong 

radiation receipts. Nevertheless, in almost all months at the 5 high 

arctic weather stations studied (Resolute, Eureka, Isachsen, Thule and 

Alert) precipitation amounts are positively correlated with mean 

temperature on the same days. That is, the heavier the precipitation the 

higher the temperature, even in summer, again because of the importance of 

warm air advection in bringing moisture to high latitudes. 

(IS 
In summary, there is no~ priori reason to expect o 0 in 

precipitation to correlate with mean annual temperature; indeed, 

"precipitation day" mean temperature shows very little correlation with 

yearly averages. Precipitation days are generally warmer than other 

days, except in summmer. In all months, precipitation amounts are 
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Figure 5. Mean annual temperature at Alert (dashed line) and mean 
temperature on days with precipitation 2 1 mm. 
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Figure 6. Mean monthly temperature at Alert on all days (dashed line) 
and on days with 2 1 mm of precipitation (solid line). Vertical bars 
indicate ±1 standard deviation for mean monthly temperature. 

+30 

+20 

+10 

u 
0 0 
X 
<t 
~ -10 
t--: 

-20 

-30 

-40 

I s.d. bars, all days 

Days with precip. ~ i ·OOOmm 

---- All days 

Figure 7. Mean monthly temperature at Thule on all days (dashed line) and 
on days with 2 1 mm of precipitation (solid line). Vertical bars 
indicate ± 1 standard deviation for mean monthly temperature. 
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positively correlated with temperature. What are the implications of 

these facts for ice core oxygen isotope studies? Empirical studies (e.g. 

Picciotto, et al, 1960; Aldaz and Deutsch, 1967) indicate that &'&o 

should increase as mean condensation temperature increases. We have 

shown that precipitation increases with temperature. Hence, it might be 

expected that S18
0 values should be positively correlated with 

(' 18 
precipitation amounts and that very low o 0 values should correspond to 

dry (low accumulation) conditions. Unfortunately, there are very few 

long-term records of precipitation or accumulation at ice core sites. 

However, Reeh, et al, (1978) have reconstructed accumulation rates at 

three sites (Dye-3, Milcent and Crete) on the Greenland ice sheet which 
( 18 

can be directly compared with ~ 0 records. The ('ISO d 1 o an accumu ation 

record from Dye-3 is shown in Figure 8. Although the overall 

correspondence is poor, there are two periods, from 1320 A.D. to the 

early 16th century and from 1850 to the present when the two records are 

reasonably in phase. That is, heavier accumulation corresponds to 

higher 6 1~0. For the remainder of the period, there is little 

correspondence between the two records. At Crete, the correlation is 

equally poor over the period 1100-1970 A.D. 

Oxygen isotopic records.are clearly not a meaningful indicator of 

annual temperature. It is more likely that they reflect some other 

factor, such as distance to moisture source (e.g. Koerner and Russell, 

1979; Bromwich and Weaver, 1983). There is reason to believe that they 
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Figure 8. The record of b~O in an ice core from Dye-3, Greenland 
(above) and of accumulation expressed as departures (%) from the long-term 
mean (after Reeh, et al., 1978). 
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should provide information on changes in precipitation amount. However, 

the available evidence is equivocal. A major problem in understanding 

the oxygen isotope record is a lack of data on the isotopic composition of 

individual precipitation events. Although the International Atomic 

Energy Authority has monitored tritium and S'80 values at several stations 

in Greenland (Thule, Scoresbysund, Groennedal and Nord) the analyses were 

carried out on monthly data, so cannot be tied to individual storms and 

their trajectories. It is also impossible to use such data to separate 

any temperature effect from "distance to moisture source" since sea ice 

extent is closely tied to mean monthly temperature. We recommend that 

more research be focused on the interpretation of the oxygen isotope 

records in high latitude snow and ice. In particular, it would be 

extremely useful if a monitoring network were established to collect 

precipitation samples and determine S''o on a storm-by-storm basis. 

These data could then be examined in relation to precipitation amount, 

synoptic circulation pattern and sea-ice position. With such a data 

base, the valuable 6'10 record in ice cores could be interpreted in a much 

more meaningful way. 
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