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Melt features in ice cores from Site ], southern Greenland:
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ABSTRACT. Horizontal and vertical distributions of melt features (ice layers)
were examined using two ice cores (206.6 and 101.5m deep, 1 m apart) from Site |
(66°51.9'N, 46°15.9'W, 2030ma.s.l.). The temperature at 10m was 16.3°C. We
observed 2804 melt features, with a total thickness of 30.32m, in the 206.6m core.
corresponding to 16.4% by volume of the ice-equivalent core length. Horizontal
distribution of melt features was examined by correlating melt-feature thicknesses in
the two cores. The correlation coefficient was 0.71 (n =514) for each melt feature in
the two cores. It was maximum for data passed through 5 and 40 year low-pass filters.
A significant relationship (P =0.005, n =36) was obtained for the vertical
distribution of melt features and the June temperature on the west coast of Greenland
(Jakobshavn). Using this, June temperatures at Jakobshavn since 1550 were
estimated. There are three periods (1685-1705, 1835 70 and 1933-43) during which
mean June temperatures clearly decreased, when they were estimated to he 0.1°, 0.4°
and 0.2°C lower than the average for the whole period (1550-1989). The first two
“cold™ periods have been identified in melt features of the Dye 3 and Devon Island ice
cores and in a tree-ring profile from Yukon Territory, Canada. Melt-feature
percentages in the Site ] ice core have increased since about 1945, probably
reflecting summer-temperature warming on the ice sheet.

1. INTRODUCTION

Glaciers and ice sheets can be classified into five zones
based on the amount of surface snowmelting and
accumulation (Benson, 1962; Paterson, 1981). The dry-
snow zone, the area where no summer melting occurs, is
an ideal place for reconstructing past climatic and
environmental conditions through ice-core analyses
(Robin, 1983: Langway and others, 1985; Oeschger and
Langway, 1989).

However, several reconstructions of past summer
climates have been carried out using ice cores from
below the dry-snow zone, in the percolation zone. These
reconstructions assume that the amount of surface snow-
melting in summer is related to the summer air
temperature and/or solar radiation, with the amount of
melting water being recorded as the volume of melt
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features (i.e. ice layers) in the snow. Melt-feature
(MFPs) in ice cores have been examined
(Langway, 1967: Hibler and Langway, 1977; Koerner,
1977; Herron and others, 1981; Koerner and Fisher,
1981, 1990; Fisher and Koerner, 1983, 1994; Tarussov,
1992). These investigations have not systematically
studied the horizontal distribution of melt features and
the relationship between MFP and meteorological data.
In Tarussov’s (1992) study of the Austfonna ice core,
MFP was converted to mean summer temperature (June,
July and August) using the “Krenke-Khodakov equa-
tion”. However, the validity of this equation for other
regions has not been examined.

percentages

From May to June 1989, two continuous, mechani-
cally drilled ice cores were recovered from Site |
(66"51.9'N, 46°15.9'W, 2030 ma.s.l.; Fig. 1) on the west
slope of southern Greenland by the Japanese Arctic
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Fig. 1. Location of Site J (66°51' N, 46°15.9° W,
2030 ma.s.l.) on the west slope of South Greenland.

Glaciological Expedition (JAGE89) (Watanabe and
Fujii, 1990). The ice cores were 206.6 and 101.8m
deep, respectively, and 1 m apart. The quality of both ice

cores was excellent. The 10 m temperature was —16.3°C.

In this paper we focus on the horizontal and vertical
distribution of melt features in the Site ] cores and
evaluate relationships between the latter and meteorolo-
gical data from the coast of Greenland.

2. METHODS OF OBSERVATION AND ANALYSIS

As soon as the ice cores were retrieved, they were stored in
a storage and analytical room below the snow surface
(Watanahe and Fujii, 1990) at a temperature that ranged
from —20° to -12°C. Ice cores were set on a light table and
subjected to detailed megascopic examination. Melt-
feature shapes were recorded at full scale on a roll of
graph paper, being clearly distinguishable with the
transmitted light, as shown in Figure 2. The solid layers
are melt features and the rest dry polar firn. Even after
the pore close-off of air bubbles in the firn (66 m), the
features can easily be distinguished by their relatively low
bubble concentration.

MFP per Im length of core was calculated using
Koerner’s (1977) ice-percentage equation. This corrects
for the effect of depth on firn compaction.

0.95;
MFP(%) =

=————x 100 1
0.95; + prSi e (1)

where S; and S; are the measured cross-sectional area ol
melt features and firn per 1 m length, respectively; 0.9 is
the melt-feature density and py the firn density, both in
gem . Below 90 m the firn becomes glacier ice, so at this
point 0.9 g cm * is used for pr in Equation (1),

Because MFP is an average for each 1 m core section
(2.2 years on average), the annual MFP (AMFP) had to
be calculated from it using a cubic spline curve (Ishida,
1982). A digital Chebyshev filter (Ashida and Saito,
1970) was used to examine the long-term trend of the
AMFP. Cut-off frequencies (CF), half-power frequencies
(HF) and maximum permissible ripple amplitudes (RA)
could be justified individually in the filter. The filtering
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Fig. 2. Photograph of melt features in Site J ice cores. A 4 cm thick melt feature is observed in the center. The depth of the

ice core s shown below the photograph.
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operation can be accomplished using the standard
recursive method.

3. MELT FEATURES

3.1. Thickness and interval distributions

We observed 2804 melt features, with a total thickness of
30.32m, in the 206.6m long core, corresponding to
16.4% by volume for an ice-equivalent core length of
184.8 m. Their thickness distribution is summarised in
Table 1. 38.4% of the melt features were 2mm thick or
less; 70.0% were 10mm or less: and the overall average
thickness was 10.8 mm. The thickest feature was 210 mm,
observed at a depth of 1.40m. Ice-equivalent intervals
between two adjacent melt features are summarised in
Table 2. Interval calculations were made by correcting
the density of firn observed between melt features. 36.6%
of the intervals between adjacent melt features were
within 0.02 m, and 85.6% were within 0.1 m. The mean
interval was 0.058 m in ice-equivalent length.

In the 101.5m core, 448 melt features, with a total
thickness of 6.32m, were observed from the surface to
39.26 m depth; this amounted to 22.8% by volume for the
ice-equivalent core length of 27.7 m. Below 39.26 m, no
stratigraphic ohservations were made.

Table 1. Thickness distribution of all melt features from
the surface to 206.6'm depth. The thickest mell feature was
210 mm, observed at 1.40m depth

Melt-features thickness Appearances Percentage
min
Uz X = 10 1962 70.0
10< X €20 416 14.8
20< X <30 174 6.2
30< X <40 ) 5.5
40 < X <50 44 1.6
30 < X <60 34 12
60 < X <70 29 1.0
70< X <80 25 0.9
80< X <90 7 .7
90 < X <100 B 0.2
100< X €110 2 0.1
110 = X < 120 4 0.1
120< X <150 ] 0.0
130< X €140 9 0.1
140 < X <150 0 0
150 < X <160 0 0
160 < X <170 0 0
170 < X <180 0 0
180< X <190 0 0
190 < X <200 0 0
200« X <210 1 0.0
(0< X <2) (1078) (38.4)
(2= X <4) (375) (13.4)
(4< X <6) (210) (759
(6< X <8) (160) (5.7)
(B< X <10) (139) (5.0)
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Table 2. Melt feature intervals in ice-equivalent length
Srom the surface to 206.6m depth. The mean melt fealure
interval was 0.058m in ice-equivalent length

Melt-features interval Appearances Percentage
m
0< X <£0.10 2402 85.6
0.10< X <€0.20 260 9.2
0.20< X <0.30 78 2.8
0.30 < X <0.40 37 1.3
040 < X <0.50 14 0.5
0.50 < X <0.60 6 0.2
0.60 < X <£0.70 4 0.1
0.70 < X <0.80 J 0.1
(0< X <0.02) (942) (33.6)
(0.02< X <£0.04) (641) (22.9)
(0.04 < X £0.06) (408) (14.5)
(0.06 < X £0.08) (245) (8.7)
(0.08< X <0.10) (166) (5.9)

25 May 1989

Horizontal Distance (cm)

0 20 40

20 7 o

Depth (cm )
L

Fig. 3. A stratigraphic observation of a shallow pit at Site
J- Shaded areas show mell features, and symbols express
snow qualities: +, A, [0, O, A and @ express new
snow, loose settled snow, small faceted snow, seitled snow,
depth hoar and granular snow, respectively ( Japanese
Society of Snow and Ice, 1970).
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3.2. Horizontal distribution

A stratigraphic section from a shallow pit at Site J is
shown in Figure 3. Shaded areas are melt features, and
the symbols express snow qualities according to the JSSI
classification scheme (Japanese Society of Snow and Ice,
1970). It is obvious that the melt features are not
horizontally uniform. Figure 4 shows their thickness in
the two cores. The general trends in the profiles are quite
similar. In the scatter diagram (Fig. 5), only features to a
depth of 39.26 m in both cores are used. The correlation
coeflicient (r) and the degree of freedom (n) are 0.71 and

Melt-feature thickness (mm)

0 100 200 O 100 200
0 B
A) B) [
10 == -
| i I
E i
£ 20 -
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e i

40 lll'l LA I T T

Fig. 4. Distributions of mell-feature thickness in two ice
cores (A: 206.6m core; B: 101.5m core) from the surface
to 40m depth.

517, respectively, a t-distribution relation significant at
the P =0.001 level. Equivalent melt features in the two
cores were identified from their depth and thickness,
depth deviations of £5cm being allowed for the
idenufication.

The 315 melt features identified in both cores are
designated as B-type melt features: those found only in
one are denoted as E-type and lie on either the z or y axis
in Figure 5. The number and average thickness of the B-
and E-type melt features are summarised in Table 3.

Comparison of the annual melt thickness (AMT) in
the cores gave a correlation coefficient of 0.75 (P =0.001,

Thickness of melt feature
in 206.6m core (mm)

| I
80 120 160 200

Thickness of melt feature
in 101.5m core (mm)

Fig. 5. The relation between thickness of the same mell
features observed in the 206.6 and 101.6'm ice cores [rom
the surface to a depth of 39.26m. Solid cireles show
measured thicknesses of mell fealures in 101.8 (x-axis)
and 206.6m (y-axis) ice cores.

Table 3. Characteristics of B- and E-type melt features in the two tce cores from Site J. Melt features which were observed
in both ice cores are called B-lype melt features; mell features observed in only one ice core are called E-type mell features

Mellt-feature characteristics

206.6m core

101.5m core

Depth range of stratigraphic observations 0~39.26 m 0~39.26 m
Total number of B-type melt features above

depth range 345 345
Total thickness of B-type melt features, and 5.59m 5.90m

percentage for total depth range in ice

equivalent 20.2% 21:5%
Mean B-type melt-feature thickness 16.2 mm 17.1 mm
Total number of E-type melt features above

depth range 71 103
Total thickness of E-type melt features, and 0.61 m 0.42m

percentage for total depth range in ice

equivalent 2.2% 1.5%
Mean E-type melt-feature thickness 8.6 mm 4.0 mm
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n =62). Annual boundaries were determined by contin-
uous 6'%0, dust and clectrical-conductivity profiles
(paper in preparation by Y. Fujii and others) and from
stratigraphic records (mainly of the position of melt
features). Figure 6 shows correlations between AMT in
ice cores after smoothing by an m year low-pass filter. The
initial maximum value is found mi=5 (r=0.80,
P=0.001, n=59) and the minimum at m =25
(r=0.09, n =46) belore a rise to the highest value at
m =40 (r=0.94, P =0.001, n =27). Snow accumula-
tion at the 5 and 40 year periods was about 4 and 15m,

at

respectively.
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Fig. 6. Correlation coefficients between annual melt
thicknesses (AMTs) in the two ice cores after an mvear
low-pass filter. The x axis is m.

3.3. Vertical distribution

A vertical profile of MFP (thin line) in the 206.6 m core is
shown in Figure 7, with estimated ages. The thick line is
the MFP profile after a 60year low-pass filter
(CF=0.01499year ', HF=0.01666year ', RA=
0.5dB). This filter was selected because the short-term
air-temperature oscillations between West and East
Greenland are not in phase, and differences occur even
in the 30 yecar smoothed curves (Dansgaard and others,
1977). Ice below 103m dated electrical
conductivity which detected volcanic layers (paper in
preparation by F. Nishio and others). The time-scale
probably deviates less than 45 year between the surface
and 103m and by #10year from 103 to 206 m depth.
Shoji and others (1991) have published preliminary
results of the core dating,

There are two low-MFP periods in the profile, 1685~
1705 and 1835-70, including remarkably low MFP from
1835 to 1842. These characteristics of the profile suggest

was by

past variations of summer temperature and/or solar
radiation at Site J.

4. DISCUSSION

4.1. Relation between melt-feature thickness and
summer temperature

Simple relations between annual melt thickness (AMT)
and monthly mean summer temperatures on the coast of
Greenland were examined. Summer temperatures were
selected because of their long period and uniform quality.
Three meteorological stations (Jakobshavn, Godthaab
and Angmagssalik) close to Site ] were used (Fig. 1).
Summer temperature data came from World Weather
Records (1927, 1934, 1947, 1959, 1968, 1981).

he coefficients AMT and
monthly summer temperatures are summarised in Table
4. AMT is well correlated with June temperatures in West

correlation between

DEPTH (m)

200 150 100 50 0

60 ; . : ; . : . fhoommeit
S 404 =
o - L
T i A
-2_ 20 | J b —
|} I B

0 T L L T I T T T T I T T L T I T T T T ] Ll T T T

1500 1600 1700

1800 1900 2000

YEAR (AD)

Iig. 7. Mell-feature percentage ( MIFP) in the Site ¥ ice core. The thin line shows MEP for each 1m interval ( 2.2 years
on average). The thicker line shows the MEP after a 60 year loro-pass filter.
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Table 4. Correlation coefficients belween annual melt thickness ( AMT) and summer lemperatures on h'w Gm’n.’mrrf coast
(AD 1926-63; degree of freedom is 36). Significance levels are shown by the number of asterisks, 0. 10("). 0. 025("" ) and

0.005(""")
June July August June + July +
August
Jakobshavn 0.49""" 0.20 0.21 0.42™"
Godthaab 0.417" 0.16 0.13 0.30"
Angmagssalik 0,17 0.06 0.14 0.10
Greenland (Jakobshavn and Godthaab) and poorly and monthly mean June temperatures at Jakobshavn
correlated with those in East Greenland (Angmagssa- from 1926 to 1963 (significant at P =0.003, n =36).
lik). Figure 8 shows the “best relation” between AMT Equation (2) is the linear regression obtained in Figure 8.
AMT = 9880T — 11 (2)

300 2 - ;
where AMT and T are in mm year ' and “C, respectively.

The 1963 horizon was determined by the tritium
concentration peak (Fujii, 1991, fig. 1). The relatively
short reference period (38 years; 1926-63) was due to
difficulties in identifying annual layer boundaries reliably
because the melt features partly influence the original
8'%0 oscillations (paper in preparation by Y. Fujii and
others).

The mean June temperature at Site J is about -5°C,
according to the map of monthly surface temperatures for
the Greenland ice sheet (Ohmura, 1987, fig. 9). Surface-
snow layers at Site | probably start melting in this month,
and melt features will form in the snow. Because the
surface was cooled during the previous winter, melt
features are effectively produced from meltwater, hence
2 3 4 5 & 7 g g 40 the “bhest relation” between AMT and the June monthly

AMT in 206.6m core (mm year~1)
Z
]

lemperature.
Monthly June temperature

at Jakobshavn (C)

4.2. Past summer climate reconstruction from the

Fig. 8. The relation between monthly June lemperatures at MFP profile

Jakobshavn, West Greenland, and annual melt thickness

(AMT) in the Site J ice core (AD 1926-63). The Figure 9 shows estimated deviations ol June monthly

corvelation coefficient and degree of freedom are 0.49 and temperatures for Jakobshavn calculated from Equation

35, respectively. (2). The apparent temperature decrease along the core
g a g op oy o Foar g b TG ieded Toisin

TEMPERATURE (C)
)
o
| [

-1 .O i S ) [ S T SR LR L G —1 ,0
1500 1600 1700 1800 1900 2000
YEAR (AD)

Fig. 9. Reconstructed June temperatures at Jakobshavn, West Greenland. Deviations of lemperatures from the whole period
(AD 1547-1989) are shown.
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depth, caused by ice-sheet flow, was corrected using a
lapse rate of 0.75°C per 100m, an ice velocity of
38.4myear ' and an average ice-sheet slope of 0.20°,
The June lapse rate on the west coast of Greenland
(Ohmura, 1987) was used. The ice-flow velocity was
taken from the “Western Cluster™ (Drew and Whillans,
1984) because it is positioned at nearly the same distance
from the ice divide as Site J (about 180 km). The average
slope was estimated from surface topographic data of the
Greenland ice sheet (Bindschadler and others, 1989).
Four grid-point positions (347, 220; 349, 220; 347, 221;
349, 221) around Site | were selected and the average
slope to a point 17 km upstream calculated (the ice at Site
J at 206 m depth was probably deposited in 1550). Using
this method, corrections were +0.21°C at 100m depth
and +0.45°C at 206 m,

Because short-term oscillations of air temperature
(<30year) are not in phase between West and East
Greenland (Dansgaard and others, 1977), only signals
long enough to be significant are discussed. It is obvious
that there are three periods when summer temperatures
decreased: 1685-1705, 183570 and 1933-45. Average
summer temperatures during these periods are estimated
to be 0.17, 0.4” and 0.2°C lower, respectively, than the
average for the whole period (1546-1989). From 1835 to
1842, estimated as the coldest summer seasons during the
last 450 years, summer temperatures were 0.5°C lower
than the average.

Figure 10 gives the spectral distribution obtained from

— AR=40 [

13.3

140 =
1.8 —
0.6 —
0.4

Relative PSDs

02—

0.0 T

Frequency (year™')

Fig. 10. Power spectral densities (PSDs) normalized on
the largest peak (13.5year in AR = 40), obtained from
MEM using Burg algorithm. Auto-regressive (AR)
orders are 40 and 60. The periods are given in years for
each individual peak for AR = 40. The peaks present al
AR of 60 are 32.3, 20.0, 14.3, 12.5, 9.7, 8.3, 6.7, 4.5,
4.1, 5.8 and 3.3.

the Burg MEM (maximum entropy method) for auto-
regressive (AR ) orders 40 and 60. The MEM time-series
model equation is a linear auto-regression one, in which
each value is a weighted sum of M past data points
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Fig. 11. Comparison of estimated June lemperature deviations from Site J (A) with previous studies of mel-feature

profiles (B, C, D and ).
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together with random noise, where M is the AR order.
The latter was selected at the minimum final prediction
error, according to Ulrych’s (1974) suggestion. Power
spectral densities are normalized on the largest peak
obtained at the 13.3 year cycle (AR = 40). This peak,
and the split peaks at the 14.3 and 12.2 year cycles
(AR = 60), are well identified in Figure 10.

4.3. Comparison with previous studies

In Figure 11, the estimated June temperature deviations
(A) are compared with previous studies of melt-feature
profiles in ice cores (B, C. D and E). The profiles of the
Dye 3 (B) ice core are taken from Herron and Langway
(1981). The dashed line is from the Dye 3 core drilled in
1971 and the solid line from that drilled in 1979. The
Devon Island (C) and Agassiz Ice Cap (D) core profiles
are from Fisher and Koerner (1994). That for Austfonna
(E) comes from Tarussov (1992).

A common low-MFP (cold-summer) period (about
1830-50) can be seen clearly in the A, B, C and D profiles
but seems to have been delayed by about 20years in
profile E. Another unusual “cold™ period (1680-1700)
that can be seen in the first four profiles is delayed about
10 years in profile E.

The same unusual “cold periods™ around AD 1690 and
1840 can be observed in the tree-ring profile at TT-HH
from Yukon Territory, Canada (Jacoby and Cook, 1984).
Jacoby and Cook (1984) suggested that the profile reflects
mean June July temperatures and total degree days
above 10°C for June plus July, which seems to play an
important role in MFP. In- and out-of-phase character-
istics of these profiles suggest spatial and temporal
variability of mean summer temperatures during the
last 450 years.
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