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ABSTRACT. A model of error and variability in snow accumulation rate is formu-
lated to determine the reliability of accumulation-rate point measurements as regional
and temporal means. The uncertainty model is applied to data from 70 shallow firn cores
covering the Ross Sea drainage of the West Antarctic ice sheet. The model includes meas-
urement error, local spatial variation and time variation. Average uncertainty in accumu-
lation rate is 0.016 ma ' ice equivalent or about 13%. Considering that measurement and
depositional uncertainties are independent from core-to-core, an uncertainty of 0.0l m a”
applies when many values are used to integrate accumulation rate over a catchment,

INTRODUCTION

Most techniques for assessing the mass balance of ice sheets
require measurements of accumulation rate with under-
stood confidence limits. The traditional method of compar-
ing discharge through a gate with catchment input requires
the long-term, spatially integrated net accumulation rate.
The newer measurement method of comparing the down-
ward velocity of deep (15m) firn markers with accumula-
tion rate (“coffee-can method”) (Hulbe and Whillans,
1994b; Hamilton and others, 1998) requires a locally specific
long-term mean net accumulation rate. Accumulation rates
for both methods are obtained from shallow firn cores or
pits. The methods require accurate estimates of confidence
in secular and spatial variability.

The motivation for the present work is to place confi-
dence values on snow input to the catchments of Ice Streams
B, C and D, Antarctica. Uncertainties arise from measure-
ments of firn density and sample age, spatial and temporal
variations, and incomplete sampling of the study area. Data
from this region as well as the South Pole are used to esti-
mate the contributions to the error budget. The approach is
generic, so the method can be readily applied to other catch-
ment areas.

DATA COLLECTION

During field seasons 1983-84 to 1995-96, 80 shallow firn
cores were collected in the catchment area of Ice Streams B,
C, D and E (Fig. 1). The position of each core is obtained from
Transit (early sites) and global positioning system satellite
tracking (later sites). Field teams collected cores by hand
auger to about 15m depth and cut them into 0.10-0.30 m
lengths. Core densities were measured in the field, as well as
in the laboratory.

Accumulation rates are determined from measurements
of gross beta activity derived from nuclear bomb test fall-
out, as described in Pourchet and others (1983) and Whil-
lans and Bindschadler (1988). Core sections are melted and
filtered through cation paper to collect 98y and 7 Cs. Beta
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emission is measured in a gas-flow proportional counter.
The large maximum in beta activity is correlated with the
1964 austral summer accumulation horizon, and the strati-
graphically deeper step increase in activity is correlated
with the March 1955 horizon. Depths of these marker
horizons are used with density measurements to determine
the mean accumulation rate, b, between the time of each
horizon and the collection date.

Some holes were not drilled deep enough to reach the
1955 horizon. However, in cores that reach both date levels,
there is little difference between b calculated from the 1964
and 1955 horizons. To obtain the fullest spatial coverage, this
study uses b calculated from the 1964 horizon, as there is
little compromise in the long-term time significance.

MEASUREMENT UNCERTAINTY

The accumulation rate from a single core is
=2y (1)
Uitk

where M, (kg) is the mass of individual core sections, i,
above a dated bomb level, and ®;(m) is the core diameter.
The time-span between the age of the dated stratum and
core collection is t (a) (Whillans and Bindschadler, 1988).

Measurement errors, oy, are computed using the first
terms in a Taylor series of variations on Equation (1):
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where t = 24 a (average 1964 bomb horizon age), M is the
average core section mass (0.4 kg), @ is the average diameter
(0.076 m), N is the average number of core sections (30), oy
is the mass uncertainty (0.003 kg, as measured on a tempera-
ture-compensated spring scale) and o, is the uncertainty in
the diameters (a conservative value of 0.002 m is assigned to
74 to account for diameter variations in each core section).
The uncertainty in the position of gross beta-activity peaks
is generally about one sample, which means that the uncer-
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Fig. 1. Accumulation-rate map of the studied part of West Antarctica. Plus signs indicale core locations. Circled plus signs identify
labeled core sites. CIR denotes Crary Ice Rise. Isolines show accumulation rate (ma "ice equivalent ). Thin lines shotw integration
limits. Solid arrows represent estimated prevailing storm track. The projection is geocentric.

tainty in time interval, oy, is 0.7 a for an average 1964 hori-
zon. Combining these values in Equation (2) gives a meas-
urement uncertainty of 00lma ' ice equivalent (density
920 kg m ?). The result is dominated by the first parentheti-
cal term in Equation (2). The uncertainty resulting from
diameter measurements is at least two orders of magnitude
larger than the other terms,

Core lost in the drilling process has little effect. Core loss
is generally 0.1-0.3 m for a 15 m core (1-2% ). Missing core
sections are assigned the average density of samples above
and below the missing section. This effect tends to over-
estimate accumulation rate slightly as it is usually small-
density firn that is lost (Whillans and Bolzan, 1988). Core
loss is minor and not considered in the error estimate.

A MODEL FOR VARIATION IN ACCUMULATION
RATE

Spatial and temporal effects on the reliability of bas a
regional long-term mean are considered separately. Despite
changes in year-to-year net accumulation rate, the kilo-
meter-scale spatial pattern remains constant in both West
Antarctica (Whillans, 1978) and Dronning Maud Land
(Isaksson and Karlén, 1994). That is, kilometer-scale spatial
variations and temporal variations seem to be independent.

The following subsections describe a conceptual model
for the variation in accumulation rate. Following prior
works (Giovinetto, 1964; Lliboutry, 1974; Whillans and
Bindschadler, 1988), measurement errors, combined with
spatial and temporal variations, lead to uncertainty in the
application of accumulation rate to mass input calculations.
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Wind deposition variation

A large amount of snow is transported by wind. This trans-
port results in small-horizontal-scale (10 m) variations in
snow deposition due to sastrugi as well as larger-horizon-
tal-scale (~5 km) effects due to the adjustment of katabatic
wind speed to undulations in surface topography. Isolated
cores, taken without regard to local slope, are aftected by
both.

Sastrugi include wind-sculpted dunes and troughs. Such
features are typically 5-30 m long and about 0.lm high.
They are usually developed during a blizzard in freshly
deposited snow. A few maps of sastrugi exist (Palais, 1980),
but these are insuflicient to assess the frequency distribution
of sastrugi elevations. Here, sastrugi elevation variation is
assumed to be Gaussian.

Measurements of sastrugi roughness are available from
two sites in West Antarctica. Along the Byrd Station strain
network (BSSN) the standard deviation in sastrugi height is
0.02 m ice equivalent (Whillans, 1978). The same result was
obtained at the UpB strain grid (Hulbe and Whillans,
1994a) from changes in exposed length of 200 stakes over
lyear. Accumulation rate does not correlate with local slope
on the UpB grid, so the variation is taken to be due to sastru-
gi. The value 0.02m (ice equivalent) is used in the present
error estimate.

Larger-length-scale depositional variations are due to
slower katabatic wind speed on less steep slopes. This leads
to greater snow deposition on flatter regions (Whillans,
1975). Surface undulations generally have longitudinal
wavelengths of 3 km and slopes of 0.001-0.004 (Gow and
others, 1972). Using data from Whillans (1975), the standard
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deviation of accumulation-rate variation due to surface
slope is estimated to be 0.0lma ' (ice equivalent).
Interannual variability

Year-to-year variation in precipitation adds further noise to
accumulation rate. Whillans (1978) found the interannual
variability in accumulation rate to be 0.02ma ' ice equiva-
lent (or [6%) from a stake study along the BSSN. Bull (1971)
obtained the same results from shallow snow pits near Byrd
Station.

Spread of collection dates

Cores were collected over a time-span of 12 years (1983-93).
Any changes in accumulation rate during this time could be
confused with spatial gradients. No sites were re-occupied
after a long time-span, so as to test for potential secular pre-
cipitation changes. No evidence for such a change is found in
accumulation rates calculated from the 1955 and 1964 bomb
levels. An estimate for this effect is obtained from central
East Antarctica, where accumulation-rate changes of up to
20% over 10years have been measured (Morgan and
others, 1991). If such a change occurred between 1983 and
1995, there would be a 0.006 ma ' change in 20 year accu-
mulation-rate averages.

Long-term secular variability

There are longer time-scales of accumulation-rate variation
than annual. These are best estimated from long, dated ice
cores. One example is the 911 year core from the South Pole
(Mosley-Thompson, 1980). The standard deviation of succes-
sive 40 year accumulation rates in this core is 0004 ma '
(Hulbe and Whillans, 1994b). Hogan and Gow (1997) also
present a suitable core from the South Pole. However, at the
time of this work there were no suitable cores closer to the
study area.

UNCERTAINTY IN ACCUMULATION RATE AS A
REGIONAL AND TEMPORAL MEAN

The various influences on accumulation rate are taken to
combine in a statistical fashion. That is, the true long-term
accumulation rate, (b), is equal to the measured mean value
together with an uncertainty, e:
(b) =b+e. (3)
The uncertainty, e, is obtained by combining the various un-
certainties (sub-symbols defined in'Table 1) discussed above.
That is:
2 2 142 2 2 2 2 2

€ :20-::‘ /t +Us§ +Crl]l +Uia /t+UL.~a‘ @ - (4)
Using values from Table 1, and a time of 24 years, the esti-
mate of all uncertainties, ¢, is 0016 ma "ice equivalent. De-
pending on whether regional and temporal, local (coffee-
can), or broad-scale (catchment) mean values are sought,
all or just some of the terms in Equation (4) are included.
The various totals in Table 1 account for this.

UNCERTAINTY IN INPUT CALCULATION BY
CATCHMENT INTEGRATION

Mass input in the traditional method for mass balance is
determined by integrating accumulation rates over the
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catchment area. The definition of the limits for integration
is a separate issue (Price and Whillans, 1998) that is not con-
sidered here. An arbitrary test arca defined by the data cov-
erage 1s chosen (Fig. 1) for the purpose of estimating
uncertainty. This test area roughly corresponds to Ice
Streams B, C, D and E and their catchments.

Table I. Values used for uncertainty caleulations. The middle
column lists the uncertainties in applying the result from a
single core to the local region. Rightmost two columns indicate
the uncertainty sources that apply to the locally specific coffee-
can and broad-scale catchment input vs discharge mass-
balance methods

Uncertainty type Value Regional Coffee Catchment
sample can integration
ice equiv. ma 'ice
equiv.
a, Sastrugi effect 0.02 m 0.0014 Yes No
aq Slope effect 00lmat 0.01 No No
oy Measurement error 0.0l ma ! 0.01 Yes No
o5 Time spread of core 0006 ma ! 0.006 No Yes
collection dates
Oia Interannual 002ma " 0.002 Yes Yes
variability
oy Long-term variation 0,004 ma ] 0.004 Yes Yes
in 40 year means
“lotals: 0.016 00llma ' 0.008ma '

Not all terms in Equation (4) apply to the accumulation
rate used to determine catchment input (Table 1). Random
variations due to sastrugi, slope effects, and measurement
errors tend to cancel with a large number of sites, because
these effects are independent from core-to-core. A differ-
ence [rom the error propagation study of Whillans and
Bindschadler (1988) is that systematic measurement errors
are now considered unimportant. Many different workers
measured diameters, making systematic errors due to tech-
nique unlikely. Uncertainties related to interannual varia-
bility, the spread of core collection dates, and long-term
variability may not be eliminated by integration. This is
because meteorological events may affect several sites in a
similar fashion. For the West Antarctic ice-stream study
area, uncertainty is 0.0lma ! which translates to a catch-
ment input uncertainty of 0.07 x 10" m”a 'ice equivalent.
Compared to a total input of 102 x 10" m*a ', this uncer-
tainty is about 7%.

The integration method does not add significant uncer-
tainty. The 1964 accumulation-rate data are fit to a regular
grid using a kriging procedure and then integrated numeri-
cally with several algorithms contained in Surfer™ (Golden
Software Inc., 1994). Different interpolation and integration
schemes yield virtually identical results.

The effect of site spacing on the results of mass input 1is
estimated by removing data for single sites from poorly
sampled areas. Data chosen for removal are those that cause
rises or depressions in the accumulation-rate surface that is
not supported by neighboring measurements. Variation in
calculated catchment input due to the removal of data from
single sites is small (at most, 001 x 10"m®a !ice equiva-
lent) compared to the uncertainty from temporal variations
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007 x 10" m®a™"). Sparse sampling in catchment areas for
individual ice streams may have more important effects.

CONCLUSIONS

The model for accumulation-rate variability identifies the
major sources of uncertainty for point measurements of
accumulation rate and the application of those measure-
ments to mass-balance calculations. For point measure-
ments, the largest uncertainties arise from oy (slope eflect),
a5 (time spread) and oy, (measurement) (“lable 1). o5 can
be reduced by determining the local slope at the collection
point relative to the regional mean. i, can be improved by
measuring changes in accumulation rate with an annual re-
solution or by re-occupying existing sites.

Improvements to the accuracy of accumulation rate as a
long-term spatial mean are dependent on better diameter
measurements. At present, each core-section volume is cal-
culated from only a few diameter measurements. Variations
in core diameter are not fully accounted for. Greater accu-
racy may be obtained for future cores by making more dia-
meter measurements or by measuring core volume by fluid
displacement.

For catchment integration, the uncertainty is mainly due
to oy (long-term) and oy (Table 1). Long-term variation
may be reduced by collecting ice cores sufficiently long to
average out 20-40 year variations, but this is impractical
for the very many cores required for catchment integration.
Instead, long-term changes must be included as an uncer-
tainty. The determination of this uncertainty requires the
collection of a long core near the study area.

Accumulation-rate values presented here are consistent
with earlier maps (e.g. Bull, 1971; Giovinetto and Bull, 1987;
Whillans and Bindschadler, 1988). The present values are
considerably more precise, being based on the objective
identification of nuclear bomb levels.

Twao spatial trends are apparent in Figure 1. The accu-
mulation rate increases with elevation to the top and to the
left on the map, away from the ice-stream area. Also, the
accumulation rate is small in the bottom left corner of the
figure (Rockefeller Plateau, Marie Byrd Land).

Trends in accumulation rate are partially due to consis-
tent storm patterns. Storm tracks (Rubin and Giovinetto,
1962) enter the study area through a saddle in surface cleva-
tion around 120° W and travel south in an arc (marked by
arrows, Fig. 1), eventually turning west along the north edge
of the Transantarctic Mountains, which lie southward and
parallel to 85° S. The small accumulation rate in the Rocke-
feller Plateau (lower left corner, Fig. 1) may be due to the
Executive Committee Range to the north, over which fewer
snow-bearing storms pass.

Katabatic winds also contribute to the spatial pattern in
accumulation rate. Bromwich and others (1994) simulated
katabatic winds during winter using a three-dimensional
model, and reported on ground observations. The area sur-
rounding UpB is found to be an area of accelerating wind
speed. Wind speed increases from high elevations (east) to
the ice-stream region (west), gradually slowing on the ice
shelf. Assuming transport is at carrying capacity, areas of
accelerating winds should have smaller accumulation rates.
In areas of decelerating winds, material drops out of suspen-
sion, and the accumulation rate is larger. The accumulation
rate is large at high elevations, decreases in the vicinity of
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the ice streams, and increases again on the ice shelf, in
agreement with the katabatic wind-speed pattern and this
model of carrying capacity. An alternative interpretation is
that areas of small accumulation are due to wind-enhanced
sublimation.
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