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Abstract. The frequency distribution of stratigraphic layer
thickness in cores and a snowmine at South Pole is not com-
patible with a significant number (> 1%) of missing layers as-
sociated with zero-accumulation years inferred from pole-
height measurements. A reconciliation of these data sets is
needed if observed stratigraphic records are to be used as reli-
able paleoclimate indicators. Three explanations for the dis-
crepancy are offered, namely (i) during a significant number
of years, a visible stratigraphic horizon does not form or is
not identified, (i) the true distribution is characterized by two
maxima, with a secondary maximum centered around zero
layer thickness, or (iii) the pole-height measurements are
misinterpreted and there are very few zero-accumulation
years at South Pole. With the currently available data, it is
not possible to discriminate among these three possibilities.

Introduction

An important impediment to establishing accurate annual
chronologies in ice cores is the possibility that some annual
layers may be missing from the stratigraphic record. The
formation of annual units in the stratigraphy is due to certain
snow characteristics varying according to the time of year.
Whichever dating method is used, the assumption is that
some clearly identifiable stratum exists that marks individual
years. However, some annual layers and their corresponding
markers may be missing as a result of wind scour and erosion,
or because of lack of accumulation [Gow, 1965]. The effect
of such a hiatus in the record is an underestimation of the age
of deeper layers. Where annual layers are used to estimate
the accumulation rate, missing layers result in a long-term av-
erage accumulation rate that is too large.

Although the average layer thickness is dependent on the
fraction of missing layers, the thickness of an individual layer
is not affected by missing layers. This means that core rec-
ords can be used to investigate the frequency distribution of
annual layer thickness or, equivalently, net annual deposition,
even if there are missing layers. Furthermore, it may be pos-
sible to use the measured frequency distribution to infer the
probability of missing layers by extrapolating the distribution
to small layer thicknesses.
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A particular motivation for the present study is the fre-
quency analysis of 2027 annual snow accumulation layers
identified in a 202.4 m core obtained during the austral sum-
mer 1981-82 near South Pole and dated using visible
stratigraphy [Hogan and Gow, 1997]. This observed record
is used to discuss the importance of missing layers and
whether its frequency distribution is compatible with other
estimates for the number of missing years, and whether the
frequency distribution observed in a single core accurately
reflects the true frequency distribution of net accumulation at
South Pole.

Observed Frequency Distribution

The observed distribution of annual layer thickness in the
202.4 m core is shown in the upper panel of Figure 1, using
equal size (5 mm water equivalent) binning intervals. The
vertical dashed line represents the sample mean (75 mm w.e.).
The standard deviation of the observed record is 28 mm w.e.
The important features of the distribution are its asymmetry,
or skewness, and the smooth approach to zero as the layer
thickness decreases to zero. Because of the skewness, the
peak in the distribution is displaced towards smaller values
relative to the mean.

According to Hogan and Gow [1997], the observed distri-
bution is best described as log-normal, with the logarithm of
layer thickness normally (or Gaussian) distributed. This dis-
tribution is very similar to the gamma distribution, commonly
used in meteorology to describe for example the frequency
distribution of rainfall and considered in this study. McCon-
nell et al. [1997] also use gamma distributions to model
monthly snow accumulation at South Pole. If x represents the
layer thickness (in mm w.e.) the probability density function
(pdf) is given by [Thom, 1958]
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the gamma function of r. The two parameters, r and A, must
be positive and are related to the sample mean and variance
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Figure 1. Three measured histograms of annual layer thick-
ness, and fitted gamma probability distributions (heavy curves).
Vertical dashed lines represent the long-term average layer thick-
ness.

through X = r/A and 0,2( = r/2%. The peak or maximum
in the distribution occurs at x, = (r-1)/A [e.g. Casella and
Berger, 1990, p. 100-101]. This distribution is represented by
the heavy curve in Figure 1.

Two other measured records of accumulation rate at South
Pole yield very similar distributions (Figure 1). The distribu-
tion shown in the middle panel is based on visible stratigra-
phy of 188 snow layers in a snow mine near South Pole
[Giovinetto and Schwerditfeger, 1966]. The snow-mine
stratigraphy is considered more representative because annual
strata were traced on longer sections of the exposed walls (as
opposed to ~0.1 m core diameter). The distribution shown in
the lower panel is based on a 101 m core retrieved in 1974
about 370 m from the site of the 202.4 m core, and analyzed
continuously for microparticle concentration [Mosley-
Thompson and Thompson, 1982]. Successive accumulation
years can be identified by peaks in microparticle concentra-
tion. Because of the relatively large sample size (16 - 18
mm), thin layers are not detectable by this method. The fre-
quency distribution of these two records also exhibit the char-
acteristics of the gamma distribution.

Frequency Distribution and Missing Layers

The gamma pdf cannot be a realistic description of actual
variations in annual snow accumulation if there is a signifi-
cant number of zero-accumulation years. As defined above,
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the predicted probability of a zero-accumulation year is zero.
Measurements of exposed pole heights indicate that as many
as ~5% years may be missing because of zero or negative net
accumulation [Mosley-Thompson et al., 1995].

One possibility to arrive at a probability distribution that
describes the data and allows for zero-thickness layers, is to
apply a transformation to the gamma pdf. For the present
case of a bounded pdf, a useful transformation is accom-
plished by adding a location parameter, €, to the layer thick-
ness [Haan, 1977, p. 123]. This preserves the gross shape of
the distribution but includes a finite number of zero-thickness
layers. The transformed pdfis

6o = r}Er)

~A(x +¢)

(x+e)le x>-) .

The three parameters, r, A, and €, are related to the average
value, X, the peak value, x,, and the standard deviation, ci(
through X = /A - &, xp = (r-1)/A - ¢, and 0,2(=r/}»
Adopting a value of 5% for the number of zero-thickness lay-
ers provides an additional constraint.

Some of the possible distribution functions are shown in
Figure 2; values of parameters used are given in Table 1.
Even without conducting formal statistical tests, it is clear that
the measured distribution is incompatible with a significant (>
1%) number of missing layers and the gamma distribution.

There are several possible explanations for the discrep-
ancy, and these are discussed and evaluated below. It may be
noted that transforming other distribution functions (log-
normal, Gaussian) does not alleviate the problem and yields
essentially the same discrepancy.
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Figure 2. Observed layer thickness distribution in the 202.4
m core and transformed gamma distributions (numbered curves).
Parameter values for the distributions are given in Table 1.
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Table 1. Parameter Values for the Distribution Functions Shown
in Figure 2.

CURVE
1 2 3 4 5 6 7 8
Xp (mmw.e.) 55.0 55.0 35.0 550 55.0 35.0 61.0 61.0
X (mmw.e) 679 60.0 40.0 679 60.0 40.0 66.0 66.0
ox (mmw.e.) 46.0 38.0 26.0 380 29.0 21.0 31.0 420

zero-thickness 49 49 49 12 10 13 09 50
layers (%)

number of missed 192
years

482 1736 209 503 1764 274 251

Are the Stratigraphic Observations Reliable?

One possibility is that the measured frequency distribution
is not representative of the true distribution. Very thin layers
are not detectable by visible stratigraphy and the observed
frequency distribution will have no values that approach zero
layer thickness. It could also be that some annual horizons
are not identified because a distinctive depth hoar layer does
not form every year, or not all annual horizons are well pre-
served or clearly visible. In some years, the distinctive depth
hoar layer may be replaced by a coarse-grained equivalent
(summer-coarsened snow) overlain by fine-grained snow of
the ensuing fall or winter [Gow, 1965]. Failure to identify all
annual layer markers would bias the frequency distribution
towards thicker layers.

A number of studies has been conducted to assess the va-
lidity of visible stratigraphy as a dating method. Most of
these apply to short time intervals (~5 yr) or regions where
annual accumulation is significantly larger than at South Pole.
The study of Jouzel et al. [1983] applies to South Pole and
considers longer periods (80-300 yr). Their conclusion is that
visible stratigraphy is a reliable method for dating ice cores.

Jouzel et al. [1983] compared a continuous and detailed
deuterium profile measured in South Pole firn samples ex-
tending back to 1887 AD with visible stratigraphic summer
horizons dating back to 1926/27. For the period 1927-1978,
there is excellent agreement between maxima in deuterinm
concentration and summer horizons, although some of the
deuterium peaks are less obvious. This suggests that annual
horizons are formed every year and preserved in the
stratigraphic record, except during zero-accumulation years
(which cannot be detected by either dating method). Abso-
lute dating of the latter part of the observed record was pro-
vided by elevated levels of B-activity in the 1955 stratum, as-
sociated with radioactive debris from the Castle series tests.
This reference level agrees with the stratigraphic dating and
demonstrates that between 1955 and 1978 a visible
stratigraphic horizon formed each year. Because of the short
time period considered (23 yr), this test is not conclusive.

For any given year there are two possibilities, namely a
layer is identified or it is not recognized in the record. The
assumption is made that identification of annual layers is sta-
tistically independent. The probability that a layer is not
identified is denoted by Q. In a sample of N measurements,
the expected number of missing horizons is then NQ while
the expected number of identified horizons is N(1 - Q). To
evaluate the range of values for Q compatible with the obser-
vations of Jouzel et al. [1983] Pearson’s C can be used.
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Let X* and X~ = N - X" represent the number of rec-
ognized and missed layers, respectively. Adopting a 95%
significance level, the pro’: bility Q can be determined from
the requirement that

2 2
X* - N(1-Q) X" -NQ
C=( N(1-Q) ) +( NQ ) < xfos1 = 3841,

[e.g. Larsen and Marx, 1986, p. 402-403]. In the 23 year pe-
riod considered by Jouzel and others (1983), there are no lay-
ers missing, and N = 23, X* =23 and X~ =0. Adopting a
95% confidence level, the probability Q must be less than
14%. In other words, the comparative study of Jouzel et al.
[1983] indicates that up to 14% of annual stratigraphic hori-
zcms may be missing. For the 2027 year core record, this cor-
reponds to a maximum of 283 missed annual markers.

The lower panel in Figure 2 shows two distribution func-
tions whose average corresponds to 0.9 and 5% missing an-
nual markers, in addition to 1 and 5% zero-accumulation
years. For both distributions, the average layer thickness is
66 mm w.e., compared to 75 mm /.e. inferred from the 202.4
m core. The smaller value agrees with the average from the
snow mine (65 mm w.e.) and is somewhat less than the aver-
age determined from microparticle analysis (70 mm w.e.).

Are There Zero-Accumulation Years?

A second possibility is that the interpretation of stake
measurements can be challenged and that the number of zero-
accumulation years is considerably less than 5%. Mosley-
Thompson et al. [1995] considered a six year record of annual
accumulation along a 42 pole pentagon established in Janu-
ary, 1958, near South Pole [Giovinetto and Schwerdtfeger,
1966]. Of the 42 poles, 35 have an uninterrupted record, for a
total of 210 accumulation measurements. Zero or negative
accumulation was recorded nine times and Mosley-Thompson
et al. [1995] interpret this as indicating a 4.3% probability for
a hiatus year to occur.

Almost half of the negative accumulations were observed
during the first measurement year (November, 1958 - No-
vember, 1959). For the remaining five years, only one out of
35 poles indicates negative accumulation in a given year, cor-
responding to 2.9% of missing years. Given the shortness of
the record, it is not clear whether the first year was unusual
and, if so, how frequently such unusual years occur. Moreo-
ver, two of the negative values measured during the first year
are within . ..imated error limits (0.5 cm of snow, based on
the tabulated 'pole heights) not significantly different from
zero. Further, all four negative values measured during the
first year are within the estimated rate of snow settling (2 - 3
cm of firn annually; Gow [1965]) and may be due to vertical
compaction of the snow around the poles, rather than zero or
negative accumulation. Omitting these four values from the
record, the frequency of observed negative accumulation re-
duces to 2.4%.

An additional complication with the interpretation of the
stake record is that the comparative small sample size does
not well constrain the percentage of missing years. Again, by
calculating Pearson’s C as a function of the probability, Q, of
zero or negative accumulation, the range of Q that describes
with 95% confidence the stake measurements can be deter-
mined.
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If all nine negative values in the stake measurements are
considered indicative of negative net accumulation, the fre-
quency of missing years ranges from 2.3 to 8.0%. If the four
negative values measured during the first year are omitted,
this range becomes 1.0 to 5.5%. Thus, it could be argued that
the pole measurements suggest that as little as 1% of annual
layers may have zero thickness. However, even with this
lower limit, use of a gamma distribution indicates that there
must be a significant number of horizons missing from the re-
cord observed in the core (Figure 2, curve 7).

A Dual-Maximum Distribution?

A further possibility is that the actual distribution is charac-
terized by two maxima, with the gamma distribution describ-
ing most of the layer thicknesses, but with a secondary,
smaller and narrow maximum centered around zero layer
thickness. Such a distribution could be the result of a process
that favors the elimination of layers of intermediate thickness,
possibly erosion of thin strata over a hardened surface by
wind. The secondary peak would not be stratigraphically de-
tectable if it were sufficiently narrow. More detailed meas-
urements of snow deposition are needed to confirm or dis-
prove the model for a dual-maximum distribution.

Conclusions

There is a basic incompatibility between the distribution of
layer thickness measured in firn cores at South Pole, and es-
timates of zero-accumulation years from pole-height meas-
urements. The frequency distribution of annual snow layers
identified in cores and a snowmine is compatible with a
gamma or a log-normal distribution and smoothly approaches
zero for zero layer thickness [Giovinetto and Schwerdtfeger,
1966]. A similar distribution was used by McConnell et al.
[1997] to describe monthly accumulation at South Pole.
However, this distribution does not allow for the significant
(> 1%) number of zero-accumulation years based on meas-
urements of exposed pole height. The implication is that ei-
ther a large percentage of years (~10%) is missing from the
observed record because of unidentified stratigraphic hori-
zons, or that the pole-height data are misinterpreted. A third
possibility is that the true frequency distribution is character-
ized by a dual maximum.

Resolving this discrepancy is important for a correct inter-
pretation of observed stratigraphic records and inferred histo-
ries of snow accumulation. With an unknown number of lay-
ers missing from the measurements, the long-term accumula-
tion rate cannot be determined reliably, nor can recent
changes in snow deposition be detected.
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A possible remedy to solve this conundrum is to constrain
the long-term average accumulation rate by identifying a
known time horizon in the core, for example by recognizing
the stratigraphic signature of a known volcanic eruption. A
further remedy would be accurate and frequent measurements
of snow accumulation. Time series of snow deposition and
erosion would be very valuable in developing models that de-
scribe the processes affecting the amount of snow added an-
nually at one site.
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