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ABSTRACT. Shallow cores to about 17 m depth were recovered at nine sites 
distributed on a 150 km X 150 km survey grid centered on Summit in central 
Greenland. Measurements of the stable oxygen-isotope ratio and the gross ~ activity 
as a function of depth enable annual summer horizons to be identified and dated. 
From these data, average accumulation rates were computed with an uncertainty of 
about 5-8%. The contours of constant accumulation rate in the region suggest a 
primary moisture flux from the southwest of the grid. Similarly, contours of the 
average oxygen-isotope ratio are consistent with the progressive isotopic depletion of 
a precipitating air mass moving from the southwest, and automatic weather-station 
data indicate that the moisture flux tends to be largest from the southwest quadrant. 
The annual variation in the total accumulation over the grid shows no persistent 
trend over the interval 1964-87 common to all cores. 

INTRODUCTION 

During the 1987 Greenland field season we recovered 
nine shallow cores to depths of approximately 17 m to 
determine the spatial variation in the accumulation rate 
around the Summit site in central Greenland (Fig. 1) . 
This study was part of the GISP2 site-selection activities, 
which also included an airborne-radar survey to 
determine the surface and basal topography (Hodge 
and others, 1990) and the measurement of surface 
velocities using Doppler satellite-surveying techniques 
(paper in preparation by J. F. Bolzan). 

We established a 150 km X 150 km survey grid 
centered on the Summit site by a series of surface 
traverses. Figure 2 shows the location of the grid survey 
sites and the drill sites in relation to the surface 
topography. The coordinates of the drill sites are given 
in Table 1. 2 m pits were excavated at each drill site and 
one pit wall was sampled every 10 cm for stable oxygen
isotope and gross ~-activity measurements. The shallow 
cores were recovered by drilling from the floor of each pit 
using a lightweight hand-auger with a 2 m barrel 
fabricated by the Polar Ice Coring Office (PICO). The 
drill was first used at site 57 in the southeast quadrant and 
was irretrievably stuck at about 10 m depth. Minor 
modifications to a spare drill barrel subsequently resulted 
in excellent core recovery, typically about 97%, at the 
other drill sites, with the cores being about 15 m long. The 
nine cores were returned frozen to the Byrd Polar 
Research Center for sampling and analysis. The visual 
stratigraphy was examined on a light table and mapped. 
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Strata identified as fine-grained and coarse-grained 
showed no correlation with the <5 180 value. Also, no 
melt features were seen in any of the cores. 

Fig. 1. Location of the survey grid centered on Summit. 
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Table 1. Average accumulation rate in cm of ice equivalent over the period 1959--87, except for site 57, where the time 
interval is 1964-87. The X and r coordinates are polar grid coordinates with the origin translated to Summit, while the 
latitudes and longitudes are from Doppler satellite data acquired over the 1987 and 1989 fuld seasons. Also given are the 
average isotopic values in ppt over the period 1964-87 

Site 

13 
IS 
31 
37 

Summit 
51 
57 

571 
73 

Latitude 
north 

72°53'11" 
72°58'53" 
72°20'55" 
72°38'27" 
72°17'38" 
71 °55'36" 
71 °55'14" 
72°12'43" 
71 °36'08" 

Longitude 
west 

39°09'23" 
37°42'15" 
40°12'48" 
35°56'40" 
37°55'1 7" 
39°50'05" 
35°57'34" 
36°22'17" 
38°08'28" 

Fig. 2. Surface topography over a 180 km x 180 km 
region centered on Summit,jrom topographic data provided 
by S. Hodge. Sites where the shallow jirn cores were 
recovered are indicated by the solid dots. Also shown are the 
GISP2 and GRIP deep-drilling sites, and the location of 
the Kenton automatic weather station. Tick marks on the 
border are 20 km apart. 

METHOD 

x 

km 

-41.16 
7.20 

-78.77 
66.82 
0.0 

~7.34-

69.07 
53.81 
- 7.87 

The average accumulation rate, ha.ve, over the time 
interval above a specified reference horizon, is 

(1) 

where T is the number of years since the deposition of the 
horizon. and L(T) is the ice-equivalent length of the core 

r b 1/80"", 

km m year-I %0 

66.56 23.0 ± 1.8 -35.20 
76.71 17.8± 1.3 -35.97 
7.67 28.6 ± 1.1 -34.34-

39.86 19.7 ± 0.7 -35.66 
0.0 24.8 ± 1.0 -35.11 

-39.86 29.9 ± 1.2 -33.78 
-40.49 23.3 ± 1.3 -34.67 
-12.93 20.2 ± 0.9 -34.94 
-77.18 27.1 ± 1.0 -34.09 

above the horizon. If the core is composed of N(T) 
segments above the reference horizon, the ice-equivalent 
length is 

where Pk , lk' mk and rk are the density, true length, mass 
and radius of the kth segment respectively, and Pi"" is the 
density of ice. Complications arise because of core loss and 
because of the difficulty in accurately measuring the 
dimensions of irregularly shaped core segments. Am
biguities in determining the depth of the dated reference 
horizon also result in uncertainty in the ice-equivalent 
core length L(T). For this study, the dated reference 
horizons were based on stable oxygen-isotope measure
ments which generally showed a well-defined annual 
signal. Gross ~-activity profiles were also measured to aid 
in resolving dating ambiguities. 

Core loss 

To estimate the contribution of core loss to L(T), we used 
the algorithm developed by Whillans and Bolzan (1988) 
which determines the core-loss zones by identifying the 
drill runs where the core break is likely to have occurred 
at the bottom of the hole. The total core loss between 
these special runs can then be arbitrarily distributed at 
the top and the bottom of the corresponding depth 
interval without violating the requirement that the base 
of the recovered core be less than or equal to the drill 
depth. Here, the total core loss between adjacent special 
runs was distributed equally above and below the total 
core recovered between the runs. The density for the core
loss region was assumed to be the average of the densities 
of the core segments immediately above and below. 
However, because the core loss here amounts to only a 
few per cent of the total core recovered, our results were 
not significantly affected by the way in which core loss is 
distributed between the special runs. 
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Radiu. and Dlass measureDlents 

Measurements of the radius and mass of the core segments 
were made in the cold laboratory at the Byrd Polar 
Research Center. The radius of a firn core can vary 
significantly from segment to segment, and occasionally 
within a segment, due to wobbling of the drill and abrupt 
changes in density. Also, handling and shipping causes 
grains to be shed off the most friable segments, and 
increases the irregularity in the shapes of these pieces. The 
error analysis presented in the Appendix shows that the 
uncertainty in the calculated accumulation rate is by far 
most sensitive to the uncertainty in the radius of the core 
segments. Using a vernier caliper with a precision of 
better than 0.1 mm, we measured the diameter of each 
core segment at several positions to determine the average 
radius, and took the uncertainty for that segment to be 
one-half of the difference of the maximum and minimum 
radius values. For the lowest-density segments, variations 
in the measured radius of 1 mm were not uncommon. 
Deeper in the core, diameter measurements showed little 
variation and we conservatively took ± 0.5 mm to be the 
minimum uncertainty in the radius of a core segment. 
The mass was measured using a triple-beam balance and 
we again conservatively estimated the uncertainty to be 
± 1 g. As a result, even for the segments deep in the core, 
the contribution to the uncertainty in the ice-equivalent 
length from the radius errors is about an order of 
magnitude greater than from the mass uncertainty. 

Gross ~activity measureDlents 

Atmospheric testing of thermonuclear bombs in the 1950s 
and 1960s resulted in elevated ~ activity in snow 
deposited during this time, due primarily to increased 
concentrations of 90Sr and 137Cs. The first thermonuclear 
tests in 1952 and 1953 produced a two-fold increase in ~ 
activity over the natural background level of 
rv100dphkg- 1 for snow deposited in late 1953. The 
Castle series of tests in early 1954 resulted in an activity 
increase of 5-10 times above the pre-testing background 
for snow deposited from the summer of 1954 to early 
1955. A minimum in ~ activity apparent in the 1960 layer 
was due to the testing moratorium in 1959, and the 
resumption of Soviet tests in 1961 and 1962 caused very 
high activities in the 1963 layer. This 1963 horizon is very 
useful for accumulation-rate determinations, as it can be 
readily identified, even in the absence of other corrobor
ating stratigraphic data (for further details on the 
variation of gross ~ activity in polar firn, see Picciotto 
and Wilgain (1963); Crozaz and others (1966); Hammer 
and others (1978); Koide and Goldberg (1985)). 

Samples 10 cm long were prepared for gross ~-activity 
measurements by pumping the meltwater through ion
exchange filters that collected the strontium and caesium 
cations. Rather than sampling over an entire core, 
samples were taken from a zone that bracketed the 
estimated depth of the 1963 high-activity horizon. Gross ~ 
activity was measured on the dried filters using either a 
Canberra model 2200 or a Tennelec model 1000 gas-flow 
proportional counter, both with a counting efficiency of 
about 30%. During the 1 year period over which these 
measurements were made, the background activity for the 
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Canberra and the Tennelec averaged about 0.65 and 
0.45 countsmin-I , respectively. However, both counters 
are located well above ground and are susceptible to 
significant short-term fluctuations in the counting back
ground. Background measurements were taken before 
and after counting all of the samples from a given core, 
mainly to check for instrumental malfunctions, and we 
made no attempt to determine the short-term back
ground fluctuations that might vary from sample to 
sample. Thus, in calculating the activity of each sample, 
we used the average background counted over the 
duration of all the core measurements. While our ~
activity results cannot accurately resolve small differences 
in the true activity between samples, they are adequate to 
detect the large changes in activity seen around the most 
prominent ~-activity horizons. 

Ollygen-isotope profUes 

Upon return to the Byrd Polar Research Center, the cores 
were sampled for oxygen-isotope measurements, which 
were made at the Geophysical Isotope Laboratory at the 
University of Copenhagen. Samples were 5 cm in length, 
except where sample size had to be increased or reduced 
slightly to avoid overlapping a core-loss zone. Measure
ments of the oxygen-isotope ratio were also made on 
10 cm samples from the drill-pit walls. Figures 3 and 4 
show the oxygen-isotope values as a function of ice
equivalent depth, along with the the gross ~-activity 
profiles. The discontinuous lines in the oxygen-isotope 
profiles correspond to regions of core loss. In all cores, 
except site 15 and site 57, the 1963 ~ horizon is readily 
identified, as is the 1960 minimum; and the 1963 and 
1960 summer peaks can be readily assigned. For site 15, 
the actual accumulation rate was much lower than 
estimated and, as a result, the ~ activity was measured 
below both horizons. However, in this core we see a sharp 
rise in activity which we attribute to the 1954 Castle tests. 
For site 57, the drill was lost before the 1963 horizon was 
reached. 

We have dated each isotopic summer peak by taking 
the first peak below the surface to be 1986, and have used 
the results of the gross ~-activity measurements to resolve 
ambiguities. There is little ambiguity in the assignment of 
years for sites 31,51,571 and Summit (see Fig. 3), as the 
number of isotopic peaks in these profiles is consistent 
with the number of years between the surface and the 
well-defined 1963 layer. For site 571, we are forced to take 
two poorly defined peaks assigned to 1967 and 1971, but 
there are no other candidates for these years. For site 57 
(Fig. 3), the summer peaks are well defined and the 
dating is relatively unambiguous, even without the 1963 ~ 
horizon. However, the profiles from sites 13, 15,37 and 73 
show some inconsistency between the gross ~ and oxygen
isotope stratigraphy (see Fig. 4) in that there are too 
many or too few features that could be identified as peaks 
between the 1986 and 1963 layers. 

Site 73 has the highest accumulation rate of the nine 
sites, and below the 1963 horizon the isotopic peaks are 
well-defined. However, above this horizon there are three 
too many features which could be considered summer 
peaks. We choose to ignore the features labeled with a"?" 
on the site 73 profile in Figure 4, as they are two-sample 
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Fig. 3. The stable oxygen-isotope Tatio as afunction of ice-equivalent depthfoT sites 51, 31, 44 (Summit), 57 and 571. 
The gross f3 activiry (in counts per hour per kilogram) is plotted along the vertical axis to the left of the isotopic profile. 
Also shown is the y ear assigned to each isotopic peak. 

or three-sample peaks which are much less well-defined 
than the other peaks in the profile. 

The site 13 profile contains three extra features which 
are candidates for summer peaks. The 1984 peak seems to 
appear both at the bottom of the pit and the top of the 
core, which may be due to the pit floor at the drill hole 
being higher than the base of the pit wall where the 
oxygen-isotope samples were taken. We choose to ignore 
the two-sample peak seen in 1962-63 and a small bump in 
1966- 67, which is much less prominent than its 
neighbours. 

The site 37 ~ profile is consistent with the oxygen
isotope profile below the 1963 horizon. Above this 
horizon, the isotope profile seems to be mlssmg one 
well-defined peak. We have assigned 1982 to a single
sample peak lying in the shoulder of the 1981 summer 
peak. An alternative would be to assign 1972 to a single
sample peak now between 1971 and 1972, but there is 
some support for our assignment in that high accumul
ation in 1971- 72 is seen also at sites 57 and 13, while no 
anomalously high accumulation is seen at any sites in 
1982-83. 

For site 15, if the sharp rise in ~ activity at 600cm 
depth is due to the Castle series, then the isotopic profile is 
missing one peak. We attribute this to core loss, as the 
core-loss algorithm shows that enough loss could be 
assigned at about 200 cm depth to account for a five-

sample isotopic peak. There is no ambiguity in the dating 
above this zone, so that the missing peak is assigned to 
1976. 

There is also some ambiguity as to the time of the year 
over which an isotopic "summer" peak may occur. 
Generally, snow deposited from May through August 
has the least negative £5

180 values, and we assign an 
uncertainty of ± 2 months to the date of the peak's center 
within a calendar year. 

RESULTS 

The average accumulation rate at each of the core sites 
for the period 1959-87 is given in Table 1, except for site 
57 where the record begins at 1964. The uncertainty 
includes the contribution from core loss, radius and mass 
measurements, and dating. Using these results and the 
average accumulation rates from 1943 to 1973 reported 
by Clausen and others (1988), we have plotted constant 
accumulation-rate contours (isohyets) over the 300 km x 
180 km area extending from below Crete to just above the 
northernmost sites in the grid (Fig. 5). While the values 
derived here are for a more recent time interval, 
comparing average accumulation rates over the first 
30 years from sites 13, 15, 37 and 571, suggests that the 
more recent averages are less than the 1943-73 values by 
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Fig. 4. The stable-oxygen-isotope ratio as a function of ice-equivalent depth for sites 73, 13, 37 and 15. The gross p 
activiry is plotted along the vertical axis to the lift of the isotopic profile. Also shown is the year assigned to each isotopic 
peak. For these sites there was some ambiguiry in the dating implied by the isotopic and gross p-activiry profiles, and the 
isotopic features discussed in the text are labeled by'?" 

about 1-2 cm year- I, which does not differ significantly 
from our measurement uncertainty. 

The isohyets have a spatial gradient that is relatively 
uniform and a persistent northwest-to-southeast direction 
that shows little influence due to the surface topography. 
A similar pattern in surface accumulation for this region 
was inferred by Mock (1967) on the basis of a trend
surface analysis, with the multiple-regression coefficients 
determined from snow-pit studies at 127 sites (including 
35 values dating from the work of Koch and Wegener in 
1912). Accumulation rates calculated at the grid-coring 
sites using Mock's regression model (1) for northern 
Greenland agree with the values reported here within 
±3cmyear- 1 for all sites except 571, for which the 
predicted value is too large by about 4cm year- I. Given 
that the regression coefficients were determined from 
snow-pit studies that often only spanned a few years at a 
given site, and from studies conducted more than 50 years 
apart, the agreement between modeled and measured 
values is remarkable. We conclude that the large-scale 
pattern in accumulation rates at least over the northern 
half of the ice sheet has probably varied on the order of 
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only about 10% since the beginning of the century, which 
is consistent with the accumulation-rate variations shown 
in Clausen and others (1988) based on shallow ice-core 
oxygen-isotope profiles. 

The northwest-to-southeast trend in the isohyets 
suggests that the spatial pattern of accumulation is due 
to air masses that ascend the ice-sheet slope from the 
southwest (Barry and Kiladis, 1982), even though the 
grid area is nearly equidistant from both the east and west 
coasts. This is supported by an analysis by Keen (1984), 
based on the mean vorticity-flux index (VFI) for 
Greenland from 1946 to 1980. The VFI is a vector 
quantity defined as the product of the positive vorticity at 
the 500 mbar level (a scalar) and the long-wave wind field 
(a vector), and thus is a measure of the advection of 
cyclonic activity. The VFI is also roughly proportional to 
the average horizontal flow direction during cyclonic 
events, which often result in precipitation on the ice sheet. 
Keen found that upper-level systems approach Greenland 
from the west and the southwest, and his results show the 
mean VFI in central Greenland to be nearly perpend
icular to the isohyets in Figure 5. 
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Fig. 5. Contours of constant accumulation rate in cm ice 
year-I. Contours have been plotted using the average 
accumulation rates from this study (filled circles) and the 
values reported in Clausen and others (1988) (filled 
triangles). Tick marks on the border are 20 km apart. 

Since there is no longer a moisture source once an air 
mass ascends the ice-sheet slope, the water vapor should 
become progressively more depleted in the heavier 
isotopes as precipitation continues to occur. For moisture 
flux primarily from the southwest, the isotopic values of 
the snow should become progressively more negative 
toward the northeast. Post-depositional processes such as 
drifting and sublimation alter the isotopic composition of 
the surface snow, and generate stochastic, high-frequency, 
isotopic noise. Much of this noise can be eliminated by 
averaging over a sufficiently long time. In Figure 6, we 
have plotted contours of average isotopic value based on 
averages over the 1964-87 interval common to all sides. 
The isopleths trend nearly in the same direction as the 
contours of constant accumulation (Fig. 5), consistent 
with the progressive depletion of the precipitating air 
masses as they track from the southwest. Note, however, 
that the average isotopic values for sites to the east of the 
topographic crest are somewhat enriched, perhaps 
because these sites receive more moisture from air masses 
ascending the eastern slope of the ice sheet. 

More directly, we can estimate the magnitude of the 
moisture flux as a function of direction by using 
automatic weather station (A WS) data. These data 
have been recorded in central Greenland since 1987 
and include air temperature, pressure, wind speed and 
direction, and relative humiditiy reported at 3 h intervals 
(Stearns and Weidner, 1991). The longest data sets 
(",,2 years) currently available are from the Cathy 
(Summit) and Kenton sites. The Cathy A WS operated 
at Summit from May 1987 through May 1989 and then 
was re-installed at Kenton in June 1989. Unfortunately, 
for both sites, there are almost no wind data available 
between January and May of each year, probably due to 
the formation of rime ice on the aerovane (Weidner and 
Stearns, 1991), so that approximately 40% of the wind 
data are missing for each site. While the missing data are 
over the coldest time of the year, when the moisture flux 
may be expected to be small, temperatures in winter and 
early spring are highly variable with a number of warm 
events (Weidner and Stearns, 1991), for which the flux 
could be significant. 

It is not the magnitude of the moisture flux per se that 
is related to the precipitation over a region, but rather the 
vertically integrated flux divergence. However, here we 
make the simple assumption that precipitation is more 
likely when the moisture flux is large. The A WS data 
enable us to compute only the surface horizontal moisture 
flux, but as the water-vapor content of the atmosphere 
decreases rapidly with height (Peix6to and Dort, 1983), 
the bulk of the vapor transport is near the surface. Thus, 
we also assume that the important variations in the 
vertically integrated horizontal vapor flux are mirrored 
by the variations in the horizontal surface flux. The latter 
is calculated for each usable A WS observation as the 
product of the wind velocity and water-vapor density, Pv, 
which is given by: 

ea! 
PI) ~ lOORvT 

3 7 • 

(3) 

• -35 

57 • 

Fig. 6. Contours of constant average isotopic value in parts 
per mil (Ppt). The average values are for the period 1964-
87. Tick marks on the border are 20 km apart. 
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where ea is the saturation vapor pressure at temperature 
T (OK), f is the relative humidity and Rv = 461Jkg-1 

K -I is the gas constant for water vapor (Rogers, 1979). 
Equation (3) follows from the ideal gas law by taking the 
relative humidity as proportional to the ratio of the vapor 
pressure to the saturation vapor pressure, an approxim
ation that is better than 1 % at the low temperatures 
measured here. The saturation vapor pressure is 
computed from the Goff- Gratch formula as given on 
p. 350 in the Smithsonian meteorological tables (List, 1971). 

We expect the net contribution to precipitation to be 
related to the moisture flux and the number of 
occurrences of wind from a given direction, and in 
Figure 7 for both the Cathy and Kenton data we have 
plotted the number of observations and the average 
horizontal surface-moisture flux as a function of wind 
direction for 10° angular sectors. Figure 7a shows that the 
winds most frequently tend to come from the southwest 
quadrant at Cathy, with 42% of all observations being 
between 200° and 290°. For the Kenton AWS, which is 
approximately 40 km west of the topographic crest, 
Figure 7a shows a broad peak in the wind distribution 
centered at about 150°, with 58% of all observations 
being between 110° and 210°. This shift may be due to a 
change in the wind field with time, and possibly a 
katabatic effect, which would skew the distribution to the 
east. Figure 7b shows that at both sides the average flux is 
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Fig. 7. (a) Number of wind observations in 10° sectorsJor 
the Cathy (Summit) and Kenton automatic weather 
stations over the time periods indicated. (b) Magnitude 
of the average horizontal surface-moisture flux as a 
Junction of wind direction. The average value Jor each 10° 
sector is computed by taking the scalar average of the 
product of the absolute humidity and wind speed Jor each 
observation in that sector. 

largest from the southwest quadrant. This is because 
temperature, wind speed and relative humidity all 
generally tend to be higher for winds from these 
directions. Note that the Cathy data show a secondary 
peak between 160° and 190° which, however, overlaps a 
local minimum in the wind frequency. For Kenton, the 
vapor-flux peak in the southwest quadrant barely 
overlaps the peak in the wind distribution and, while 
there is likely to be a significant contribution to the net 
precipitation from this direction, it is unclear whether the 
data indicate the primary moisture source is from the 
southwest. Whether this reflects a secular change between 
the two data sets, or the effect of a katabatic component 
at the Kenton site is also uncertain. However, for Cathy 
we conclude that the A WS data seem to be consistent 
with the primary moisture flux being from the southwest, 
in that the average vapor flux and the wind distribution 
are both peaked in the southwest quadrant. 

The question remains as to the initial source areas of 
the water vapor. Johnsen and others (1989) concluded 
that the high deuterium excess measured at site G was 
consistent only with a source region with high ocean
surface temperature and mixing ratio such as the 
subtropical North Atlantic at about 35° N. Their 
deuterium-excess model also suggested that coastal sites 
in Greenland receive a significant amount of precipitation 
from sources with low surface temperatures and mixing 
ratios, such as Baffin Bay and Denmark Strait. According 
to J ohnsen and others (1989), cyclones that result in 
precipitation on the ice sheet form along the polar front in 
the North Atlantic south and east of Newfoundland, 
where the prevailing winds are from the south and west. 
As the cyclones move northward they become occluded, 
with the vapor trapped above the occlusion and isolated 
from the colder ocean surface. This scenario is compatible 
with a study by Barry and Kiladis (1982) on the origin of 
cyclones affecting Greenland during 1950-65 (i.e. those 
whose centers were within 200 km of the Greenland 
coast) . They found that about half of the average number 
of cylcones per year tracking through Baffin Bay and 
Denmark Strait originated south of 60° N, while only 
about 30% were of local origin. Barry and Kiladis also 
noted that accumulation time series from snow-pit data 
generally show a moderate degree of spatial coherence 
over a few hundred kilo meters, but correlate poorly with 
coastal precipitation records. While part of the poor 
correlation may result from the difficulty in measuring 
snow accumulation at coastal sites, they also concluded 
that coastal precipitation is strongly influenced by local 
effects. If the primary moisture source for inland sites is 
assumed to be the subtropical North Atlantic, then the 
cyclones originating there and tracking near the Green
land coast must tend to be deeper and more extensive 
than those that form locally in Baffin Bay. 

The well-defined annual signal in the oxygen isotopes 
enables accumulation-rate time series to be constructed 
for each core. Using Equations (1) and (2) , we have 
computed the ice-equivalent depth for each isotopic 
summer peak based on the dating shown in Figures 3 
and 4; the results are given in Table 2. In order to identifY 
the recent trends, for each of the cores we have plotted 
5 year averages as a function of time in Figure 8. While 
few of the individual 5 year averages deviate from the 
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Fig. 8. Accumulation-rate time series derivedfrom the shallow-core data. The ordinate of each dot is the difference between 
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and the average value over the entire time series for that site. 

mean for the site by more than the measurement error 
(which includes a ± 2 month uncertainty for the summer 
peak at the beginning and end of each 5 year interval), 
every site shows an increase for the interval 1982-87 over 
the previous 5 year period. Also, except for sites 15 and 
51 , the average over the 5 year interval 1977-82 is less 
than the previous intervaL However, except for this 
recent feature, the data do not show any persistent longer
term trends. 

The lack of a persistent trend in the individual 
accumulation-rate time series implies that there has 
been no recent trend in the total annual accumulation 
over the study region. To check this, we computed the 
total accumulation for each year during 1964-86 over the 
180 km x 180 km region shown in Figure 2 . We used a 
gridding algorithm to interpolate the accumulation rates 
for the nine sites over a regular grid centered on Summit, 
and then integrated the interpolated values. Here, the 
annual accumulation rates are referred to accumulation 
years, spanned by the isotopic peaks. The results are 
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Table 2. Ice-equivalent depths in cm at the oxygen-isotope summer peak corresponding to the assignedyear. Ice-equivalent 
drill-pit depth has been calculated as discussed in the text. Depths for which the assigned date is uncertain are followed by 
"1" 

rear Site 13 Site 15 Site 31 Site 37 

1986 23.2 20.4 21.9 28.0 
1985 46.3 37.2 59.4 46.9 
1984 78.3? 61.5 87.4 76.1 
1983 98.7 79.9 117.2 93.0 
1982 119.7 95.7 141.5 117.3? 
1981 138.4 112.0 169.0 129.2 
1980 166.0 127.1 190.4 145.7 
1979 186.2 141.9 221.1 173.0 
1978 208.0 162.1 247.2 188.6 
1977 230.7 180.1 278.7 202.7 
1976 261.7 196.0 309.l 223.3 
1975 285.0 205.2 343.2 244.9 
1974 311.8 222.0 378.1 271.1 
1973 330.6 235.8 399.2 286.7 
1972 350.7 251.6 428.8 304.7 
1971 381.9 269.5 456.6 335.4 
1970 408.3 294.8 485.8 351 .0 
1969 421.8 308.0 513.3 371.0 
1968 441.1 324.9 541.0 386.6 
1967 454.3 342.8 568.4 404.8 
1966 490.6 363.1 597.5 419.8 
1965 512.6 377.1 619.9 435.1 
1964 529.9 391.1 656.5 454.9 
1963 551.2 413.0 687.0 476.8 
1962 584.5 434.3 717.5 487.9 
1961 605.4 462.4 744.6 509.9 
1960 618.7 474.8 772.8 526.6 
1959 643.5 499.6 802.1 552.3 
1958 666.1 520.0 836.6 576.3 
1957 686.9 541.0 599.3 
1956 709.0 554.8 618.3 
1955 728.7 580.1 638.2 
1954 751.2 600.5 660.8 
1953 777.1 622.2 690.2 
1952 790.2 644.l 712.3 
1951 816.5 663.0 742.2 
1950 693.7 788.4 
1949 714.5 805.0 
1948 732.4 823.9 
1947 750.1 851.4 
1946 775.0 
1945 795.5 

shown in Figure 9. Because the total accumulation for 
each year is based on only nine measured values, the 
detailed structure displayed here in the total-accumul
ation time series may be questionable. However, it is 
apparent that there is significant short-term variability, 
with the standard deviation being about 11 % of the mean 
value. This amounts to a significant reduction in the 
variance of the individual accumulation-rate time series, 
for which the standard deviation varies from about 15% 
of the mean (sites 31, 51, 73 and Summit) to 20-25% of 
the mean (sites 13, 15, 37,57 and 571) . A linear regression 
gives an extremely small positive slope (0.01 km3 year-l

) 

that is not different from zero given the likely uncertainty 
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Summit Site 51 Site 57 Site 571 Site 73 

30.5 30.8 27.4 27.6 27.2 
62.3 64.6 50.9 47.8 54.6 
87.l 97 .9 74.2 68.9 85.6 

113.4 130.7 102.4 99.3 119.6 
136.2 154.3 121.0 119.4 147.2 
158.8 179.2 138.2 136.5 169.1 
181.5 210.4 169.5 154.1 197.5 
210.4 234.7 188.3 172.5 219.4 
230.5 262.3 209.0 187.8 242.8 
253.8 300.0 226.0 209.7 271.2 
281.4 329.6 256.1 233.2 300.4 
305.5 364.6 280.8 258.6 333.7 
331.4 393.3 305.5 277.3 358.9 
350.8 415.4 324.7 298.3 379.0 
379.6 447.2 348.7 318.1 412.1 
408.4 479.8 382.7 328.0 443.6 
430.3 502.9 403.7 345.0 468.3 
453.8 533.0 424.4 363.1 495.4 
477.9 562.9 442.2 379.9 517.5 
502.0 594.2 460.8 394.2 546.1 
522.3 619.1 489.6 423.8 567.2 
537.4 645.l 511.6 445.1 588.6 
562.7 683.8 535.2 464.6 624.3 
595.7 716.8 483.4 656.6 
615.7 746.9 502.9 684.6 
640.8 774.1 522.4 707.4 
661.2 804.3 542.7 729.8 
693.2 838.1 572.6 760.0 
716.5 592.7 791.2 
745.7 613.0 821.5 
769.8 634.2 851.3 
793.9 657.5 
823.0 679.5 
850.0 709.6 

733.7 
754.9 
804.5 
831.4 
855.1 

(,...,1 km3 year- l
) in the annual values, and indicates no 

tren"d over the period 1964-86 in the net annual 
accumulation in the central Greenland survey area. 

SUMMARY 

The spatial variation in average accumulation rates 
determined from the oxygen-isotope and gross ~-activity 
stratigraphy in nine firn cores suggests a moisture flux 
source to the southwest of the central Greenland ice sheet. 
Progressive depletion in the average stable oxygen-isotope 
values along the southwest to the northeast direction is 
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consistent with this picture. Automatic weather-station 
data over 2 years from the Summit site near the 
topographic crest indicate that the primary moisture 
flux is from the southwest, while data from the Kenton 
A WS for the two following years are more ambiguous. 

Accumulation-rate time series constructed from the 
dated isotopic summer peaks show no long-term trend, 
except for a recent 5 year increase, which seems to be 
present in all the cores. Similarly, the total accumulation 
over the survey grid as a function of time is highly 
variable but shows no trend. These results suggest that the 
precipitation regime in central Greenland has not 
changed significantly over the past several decades. 
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APPENDIX 

ERROR ANALYSIS 

Equation (2 ) is valid for 100% core recovery up to the 
true surface. For this study where the core was recovered 
from the bottom of a 2 m pit, and some core loss occurred, 
Equation (2) can be re-written as: 

1 N mk 
L(T) = - L -2 + Lpit + L(Th)llfj 

Pice k=l 7rTk 
(AI) 

where mk and rk are the mass and average radius of the 
kth core segment, respectively, Lpit is the ice-equivalent 
length of the 2 m pit wall, and L(T)I08B is the ice
equivalent length of the missing core above the reference 
horizon. To compute LPit, density profiles along a wall of 
each drill pit were measured by sampling each prominent 
visible stratigraphic layer. If D is the diameter of the 
density tube, V is its volume and M is the number of 
density measurements, we can express the ice-equivalent 
pit depth as: 

M p. 
Lpit = LD-' + LunmeSB (A2) 

k=l Pies 
M M 

D ~ 1 ~( ) Pj + Pj-l =--~mj+-~ dj-dj_l-D :....<....---'--''---''-
V Pice k=1 Pies j=2 2 

where mj is the mass offirn in the tube, dj is the depth at 
the top of the tube and again we have approximated the 
density of the unmeasured zones as the average of the 
densities above and below. To estimate the uncertainty in 
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Lplt , we assign an uncertainty of ± 1 g in measuring the 
mass on a triple-beam balance in the pit, and assume the 
volume of firn in the 500 cm3 density tube is known to 
within ± 10 cm3. This results in a fractional error of about 
3%. Thus: 

1 ~( ) Pi + P;-l 6Lpit = O.03Lpit + - L.J d; - d;-l - D . 
0ce ;=2 2 

(A3) 

We find 6Lpit varies from about 3.5 to 6.5 cm. The 
uncertainty in L(T)IOllll can be treated in the same way, 
except that we must consider the two extreme cases for 
assigning core loss between the special drill runs identified 
by the core-loss algorithm (Whillans and Bolzan, 1988). 
In one extreme, all the core loss in the depth interval 
between two consecutive special runs is placed on the top 
of the depth interval; in the other extreme all the core loss 
is placed at the bottom of the interval. The uncertainty 
will differ for each extreme depending on the difference in 
densities between the core segments bracketing the core
loss zone, and we use the larger value of the two. We find 
that for all the sites the maximum uncertainty varies from 

about 1 to 3 cm. The uncertainty in the ice-equivalent 
length above the horizon T is then: 

8L(T) = ~ t m k
2 

(8mk + 28rk
) + 6Lpit + 6L(T)10fl8 

0ce k=l 7TTk mk rk 

(A4) 

where the uncertainty 6mk is estimated to be 1 g and the 
uncertainty 8rk is one-half the range of the radius values 
measured for the kth segment. Then from Equation (I): 

. (8L(T) 6T). 
8bave = L(T) + T bave (A5) 

where 8T is the uncertainty in the age of the horizon. For 
time intervals of 20 years or so, this contribution from 6T 
amounts to less than I % of the total uncertainty in the 
accumulation rate. However, note that, if the interval is 
defined by two isotopic peaks instead of the surface and a 
peak, 6T is at least ±4months, not including other 
ambiguities in the dating of the peaks. If accumulation 
rates are to be computed over short time intervals, it is 
more useful to reference the values to accumulation years, 
defined as the time interval between adjacent isotopic 
peaks or troughs. 

MS received 19 September 1991 and in revised form 21 July 1992 
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