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ABSTRACT. Using firn-core data from ten widely spread Antarctic sites, the depen-
dence of firnification on temperature, wind and accumulation rate has been examined
with two empirical models. One model relates the square of the porosity to the logarithm
of the overburden pressure, and yields good fit to data through the first stage of firnifica-
tion up to around 0.70-0.75 Mg m * beyond which it severely overestimates density. All
three meteorological factors enter into this model, with higher temperatures and stronger
winds increasing firnification rates, whilst higher accumulation rates have the opposite
effect at any given depth. A temperature increase of 10°C has the equivalent effect to a
wind-speed increase of 5ms ', or an accumulation rate decrease of 010 ma ' w.e. A sec-
ond model equates the logarithm of the porosity to overburden pressure and gives a much
better fit to field data at higher densities where values asymptote to the bubble-free density
of pure ice. This model generally yields a poor match to field data in the upper layers, with
surface densities generally overestimated. Annual mean wind speed appears to be the
least important of the local variables in this case, consistent with the success of the model

at greater depth in matching data profiles.

1. INTRODUCTION

The transformation of snow into ice via the process of firni-
fication has been studied from both a theoretical viewpoint
(Sorge, 1935; Schytt, 1958) and via empirical modelling
(Schytt, 1958; Langway and others, 1993; Kameda and
others, 1994). The combined outcome of these approaches
has been to establish relatively simple relations equating
the resultant firn density to the accumulated pressure of
overlying snow layers (Schytt, 1958; Herron and Langway,
1980; Langway and others, 1993). Recent empirical work
has examined the additional dependence of coefficients in
these relations on in situ meteorological parameters such as
the annual mean temperature, as approximated by the 10 m
depth firn temperature (Kameda and others, 1994). Applica-
tion of these latter results to the low-accumulation, high-
wind regime of the Lambert Glacier basin leads to an un-
derestimation of density for many sites. This is attributed to
wind-enhanced grain-settling effects in the upper few metres
of the snowpack, especially where low accumulation rates
result in prolonged exposure to surface wind conditions.
"This paper extends previous empirical work by examin-
ing also the dependence of firnification on annual mean
wind speed and annual mean surface accumulation rate.

2. THE ANALYTICAL MODELS

‘Two different approaches have been developed relating firn
density via the porosity to overburden pressure: porosity, S,
is expressed as (p; — p)/pi, where pis the firn density and p;
is the bubble-free density of pure ice (taken here as
0.917 Mg m ™ at 20°C).

Assuming that snow behaves as a plastic material, the
first model considers the reduction ratio of porosity
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(—dS/S) to increase proportionally to the increasing ratio
of pressure (dP/P) and some power of the porosity. Analyz-
ing data from Antarctica and Greenland, Kameda and
others (1994) showed that this is equivalent to a proposal by
Langway and others (1993) that the logarithm of the overbur-
den pressure is proportional to the square of the porosity:

1[1P=CISQ+CQ (1)
where the overburden pressure P from the surface to a
depth H is given by
H

P=98x10"? / pdh
Jo

with pin Mg m * and h the depth in metres, yielding pres-
sure in bar. Hereafter this case is referred to as the log-
squared (LS) model.

Kameda and others (1994) investigated the coefficients
in this model to find a dependence of the intercept coeffi-
cient Cy on 10 m depth firn temperature, with no clear influ-
ence from annual accumulation rate. In their study, the LS
model equation became:

InP = -12.95% — 0.0251T + 7.60 (2)

where T is the temperature in K. We denote the tempera-
ture-dependent LS model as LS(T).

This equation can be used to determine the limit of ap-
plicability of the model for a given temperature, since poros-
ity will be zero for a density equal to the bubble-free density
of pure ice, For a temperature of —20°C the maximum over-
burden pressure is 3.48 bar, corresponding to a depth of
approximately 53 m. In practice, the LS('T') model breaks
down earlier than this, which is not altogether unexpected
given that viscous flow enters considerations before such a
point is reached. Thus the model has a high-density-break-
down regime built into it by virtue of the empirically deter-
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mined exponent of the porosity in the original perfect-plas-
ticity assumption.

A second firn-densification model relates the reduction
ratio of porosity to the increment of pressure and some
power of the porosity. Kameda and others (1994) showed a
best fit for a zero exponent, which is equivalent to the origi-
nal proposal of Schytt (1958) and leads to an equation where
the overburden pressure is related to the logarithm of the
porosity:

P:C;;IHS-FO;;. (3)

We refer to this as the linear-log (LL) model.

In this formulation Kameda and others (1994) found a
dependence of the gradient term C3 on the 10m firn tem-
perature yielding the LL('T") empirical model:

P = (0.0326T — 10.6)In S — 1.82. (4)

The logarithm of the porosity forces this function to asymp-
tote toward the bubble-free density of pure ice so that the
LL(T) model may better predict behaviour at greater depth.

Kameda and others (1994) found it necessary to exclude
data from two sites when determining the coefficient depen-
dences in Equations (2) and (4). One site in Greenland was
located in a percolation zone; the other was Mizuho Sta-
tion, Antarctica, a low-accumulation-rate site with high
katabatic winds which had denser layers at the surface than
either model predicts.

The interior of the Lambert Glacier basin is a low-accu-
mulation region where the processes of surface-snow redis-
tribution under the influence of a strong katabatic-wind
regime dominate the accumulation pattern (Goodwin and
others, 1994). This is most evident at station LGB35 at the
southern extremity of an Australian National Antarctic
Research Expedition (ANARE) traverse line which semi-
circumnavigates the basin (Higham and others, 1997). At
this site annual wind speed is 11.3ms ', with a 30km
smoothed average accumulation rate of only 0.059 ma '
w.e. These characteristics are similar to those at Mizuho
Station, some 20° longitude to the west. As a result, both
LS(T) and LL(T) models grossly underestimate the
increase of density with depth for LGB35 (Fig. la).

Density in the top few metres of core is highly variable.
This is due to the development of intermittent layers of
depth hoar in temperature gradients formed beneath

Table 1. Site locations and annual mean meteorological data
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Fig. 1. Density—depth profiles for (a) LGB35 and (b)
MGA against temperature-dependent LS(T) ( solid line)
and LL( T ) ( dashed line ) models.

strongly glazed surface-wind crusts characteristic of the
area (Higham and others, 1997). The overall effect of the
strong-wind regime, however, is to enhance grain-settling
rates in the upper few metres of the pack. This is the pre-
dominant mechanism during the first stage of firnification
up to densities around 0.55 Mg m > (Paterson, 1994).

Station MGA, situated on the coastal slopes west of the
basin, has a mean annual wind speed similar to LGB35 but
a considerably higher accumulation rate of 0.250 m a 'we.
Density predictions from both models again underestimate
true densities, but by only about half the extent of that at
LGB35 (Fig. 1b). Clearly, the extra thickness of the added
annual layers moderates the enhanced packing due to the
high-wind regime for the area.

3. EMPIRICAL RESULTS

Kameda and others (1994) found significant correlation for
coefficients Cs and C4 with 10 m firn temperature only. The
high-wind-regime, low-accumulation-rate Mizuho Station
was excluded from their analysis. These relationships have
been re-examined using both old and new field data from

Site Lat. Long. Elev. 0mT Wind Accum Source
ma.s.l. a ms ' ma 'we.

LGB20 73°50' S 55°40' E 2741 —43.3 7.8 0.091 Allison (1998)
LGB35 76°03'S 65°01'E 2340 -385 11.3 0.039 Allison (1998)
LGB46 75°51"8 7190'E 2350 -390 7.5 0.051 Allison (1998)
MGA® 68°39'S 60°16" E 1840 299 104 0.250 Allison (1998)
DSS 66°46'S 112°48' E 1370 21.8 83 0.650 Allison and others (1993)
South Pole 90°00° S = 2800 —493 59 0.068 Schwerdtfeger (1984)
Dome C 74°30' S 123°10' E 3280 —54.3 32 0.034 Alley (1980)
L. AmericaV 78°10° S 162°13' W 43 —24 5.3 0.220 Gow (1968)
Mizuho 70°42' S 44°22' & 2260 336 10.6 0.090 Kameda and others (1994)
Old Byrd 79°59° S 120°01"W 1510 —28 8.4 0.160 Gow (1968)
Maudheim 7103’ S 10°56" W 37 174 79 0.360 Schytt (1958)
Gl (Amery) 69°29' S 7144 E 64 =205 88 0.350 Budd and others (1982)

* Wind speed at MGA is taken from an automatic weather station at nearby LGBOO (68°39' §, 61°12" E, 1830 m a.s.1.).
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Table 2. Linear correlation analysis for LS and LL models

|59

Site Degrees Cy Cy i3 Cy (e r
Sreedom slope intercept slope intercept

LGB 77 11.9 1.36 0.91 ~1.93 —L.14 0.89
LGB35 a3 -109 0.59 0.88 -1.21 0.74 094
LGB46 94 -106 1.26 0.92 216 —-1.24 094
MGA o7 -149 1.25 0.98 212 -1.60 0.96
DSS 31 164 1.73 0.98 —5.12 -2.34 0.98
South Pole 49 -13.4 2.08 098 -3.98 —2:53 0.96
Dome C 37 —195 2.10 094 -39 =175 0.98
L. AmericaV 44 ~123 1.35 098 219 -1.32 0.98
Mizuho 85 —15:3 1.13 096 212 =155 0.94
Old Byrd 4l -12.8 1.36 0.98 261 -1.84 098

Average 13.0 1.42 095 -246 L1161 0.95

All sites -11.3 1.20 0.83 2.33 —1.55 0.93

ten Antarctic sites of widely varying location and physical
characteristics (Table 1. Maudheim and Gl (Amery Ice
Shelf) which are used later to test the results are also shown.

A linear correlation analysis was firstly carried out on
measured densities [rom cores from each of the ten sites, to
determine slope and intercept coeflicients for the two
models without any dependence on meteorological para-
meters (Equations (1) and (3)). The results are shown in
Table 2. Four of the sites are the same as those used by Ka-
meda and others (1994), and the coefficients for these are
taken directly from that paper. As previously indicated, the
LS model breaks down [or higher densities, so data points
for §? <001 (p>0825Mgm % are excluded from the
least-squares calculations.

For individual sites the r? values averaged 095 for both
models. When model fits were carried out on combined data
from all sites, the LS model produced an r* value of 0.83.
Figure 2a indicates that, although overburden pressure is
the dominant influence, other factors exert secondary
effects, particularly on the intercept Cs. For the LL model
the 7 value of 0.93 was marginally below the average for
individual sites, indicating that secondary influences were
relatively minor. As shown by Kameda and others (1994),
the slope coefficient C'y varies from site to site for this model
(Fig. 2b).
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Fig. 2. Combined data from all siles showing intercept varia-
tion of LS model (a) and slope variation of LL model (b ).
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To assess effects of site meteorological parameters (10 m
depth firn temperature, mean annual wind speed and mean
annual accumulation rate) on the LS model, we performed
a multivariate analysis on Cy whilst holding €'} constant.

This multiple regression (LS(TWA) model) resulted in:
In P = —12.95% — 0.02497 — 0.1083W + 1.59684 + 7.91

(5)
where T'is temperature in K, W is wind speed in m s 'and
A is accumulation rate in ma ' w.e. The coefficient of deter-
mination (r?) for the multiple regression involving Cs inter-
cept data from the ten sites was 0.83. The F statistic of 946 is
approximately equal to the F-critical value of 978 at the
99% confidence level for a regression with ten data points
and three variables. Coeflicients for the three independent
variables (temperature, wind and accumulation rate) and
the constant term all yielded Student £ variables at the 90~
95% confidence level.

For the LL model, similar multivariate analysis of the
slope coeflicient (3 was carried out whilst the intercept
coefficient Cy was held fixed. This resulted in an LL(TWA)
model where :

P = (0.0480T + 0.1067W — 3.1743A — 14.1)In S
—1.82 (6)
with an 72 of 050 and an F-observed of 196, marginally
above the F-critical value of 178 at the 75% confidence
level. Individual ¢-test values for temperature, wind and ac-
cumulation rate were as low as 85%, 55% and 80%, respec-
tively.
Without wind-speed dependence (LL(TA) model), the
regression resulted in:
P = (0.0644T — 3.55004 — 17.1)InS —1.82 (7)

with 72 = 0.44, an F statistic marginally below a 90% con-
fidence level, with temperature, accumulation-rate and
constant-term dependences all above a 90% confidence
level.

4. COMPARISON WITH DATA

Density—depth profiles together with model predictions,
including the temperature, wind and accumulation-rate
effects, are shown in Figure 3. Curves for LGB35 and
MGA can be compared with Figure 1.
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Fig. 5 Density—depth profiles for the ten siles used to derive the model coefficients, plotted against model predictions
(LS( TWA), solid line; LL( TWA ), long dashes; LL( TA), short dashes ). Data for South Pole and Old Byrd were provided
as smoothed densities over Im intervals. Test sites Maudheim and G1 ( Amery Ice Shelf) appear in the last two frames.

4.1. LS model

The original Kameda and others (1994) LS(T) model
severely underestimates firnification rates within the snow-
pack for low-accumulation-, high-wind-regime sites such as
Mizuho Station and LGB35. LS(TWA) clearly resolves this
mismatch (Fig. 3), producing more realistic densities in the
top 30 m of firn, beyond which the model begins to fail as
densities exceed 0.75 Mg m °. Breakdown of the LS models
at high density occurs for all sites; the meteorological vari-
ables merely determine the depth at which the breakdown
occurs.

LS(TWA) model predictions match density—depth
profiles in the upper layers for a wide range of conditions:
high wind, low accumulation at Mizuho and LGB35; high
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wind, high accumulation at MGA; low wind, low accumu-
lation at Dome C, South Pole, LGB20 and L.GB46; and low
wind, high accumulation at Little AmericaV, Old Byrd and
Maudheim. LS(T) accounted for measured profiles at
Dome C, Old Byrd and Little America V also, but not for
the Mizuho core. The balance between all three variables
as in the LS(TWA) model accounts for a wider range of
local conditions. However, LS{T'WA) still underestimates
densities for DSS (Law Dome) in Wilkes Land. DSS experi-
ences moderate winds but extremely high accumulation
rates compared to all other sites in this study (Table 1). This
indicates that cores from other high-accumulation sites
could be used to refine the model further so it provides an
even better fit to field data.

The density—depth profile for G1 (Amery) exhibits an
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unusual trend not evident in other cores (except possibly in
Little America V). One interpretation is that the core fol-
lows one firnification profile for the first 15 m, then migrates
to another from around the 30 m mark. Several possibilities
exist for this. Firstly, G1 at the time of coring was situated
some 70 km from the front of the Amery Ice Shelf. Tt may
be that local snow undergoing firnification is laid down on
top of continental ice transported down the glacier ice-shelf
system. This is in fact true, but the shelf-ice—continental-ice
interface is not reached until about 70m (Morgan, 1972).
Another possibility is that the firnification process is re-
sponding to two distinct periods of quite different accumu-
lation rate and/or temperature. The upper 15 m may reflect
the current rate (being 1968 when the core was collected) of
0.35ma 'w.e., while the lower parts of the core indicate an
earlier, lower rate, perhaps of the order of 020ma 'we.
Such a dramatic accumulation-rate increase is not sup-
ported by other data. Alternatively, the deeper core section
may correspond to a warmer period of increased melt and
higher ablation, which in turn strongly enhance firnification
rates (Paterson, 1994), as has been interpreted for the Amery
in recent times (Goodwin, 1995). This need not be reflected
in the annual mean temperature, but may result from war-
mer than usual summers with percolation affecting deeper
parts of the core as well. Little America V, another near-
front ice-shelf site, shows a similar feature around 40 m
depth (Fig 3g) where the density increases sharply for a per-
iod. Such transitions may be characteristic of profiles at
similar low-elevation sites where small temperature fluctua-
tions have a large relative effect on freeze/melt rates, though
this feature is not evident in the Maudheim core.

4.2. LL. model

All models, LL(T) (Kameda and others, 1994), LL(TWA)
and LL(TA), had mixed success in matching the data in
detail, but produced realistic trends at depth (Figs 1 and 3).

LL(TA) was best for low-accumulation sites except
LGB46. At high-accumulation sites the model predictions
fit the data for the high-wind site MGA, but overestimate
densities elsewhere, apart from the extremely high-accumu-
lation site DSS. LL(TWA) matched MGA (high wind, high
accumulation) and Dome C (low wind, low accumulation)
quite well, but generally overestimated elsewhere. Given re-
duced confidence levels in the regression analyses, this is not
altogether surprising. At least the inclusion of accumulation
rate (with or without wind) can be seen to affect the
modelled results considerably.

5. DISCUSSION

5.1. Sensitivity of models to step size

The equation for the LS model cannot be solved analyti-
cally. A stepwise numerical iteration is used to obtain the
density at any given depth. Effectively, the overburden pres-
sure is calculated using the sum-product of all preceding
densities and their associated core-depth increments.
Sensitivity tests were carried out to examine the depen-
dence of the calculated density-depth profile on the incre-
ment step size in depth. Figure 4a shows the results for the
LS(T) model using depth increments of 0.01,0.1,0.25,0.5 and
1.0 m at a representative temperature of ~30°C. The smaller
the step size, the closer the curve approximates an ideal,
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continuously integrated density—depth profile. In reality,
particularly near the top of a core, the density increases in
stepwise rather than continuous fashion. The error intro-
duced by a change in step size from 1.0 m to 0.0l m is of the
order of 6% at a depth of 2m and only 2% by the time 10 m
is attained. These errors are negligible with respect to the
variation in real data and the physical errors involved in
the measurement itself. Where the variable observed data
increments have not been used, a step size of 0.25 m has been
chosen as a representative magnitude in calculating the
model curves.

Similar arguments apply to the LL(T") model, where the
error margins are smaller and nearly linear with depth, as
shown in Figure 4b.

Density (Mg m™)
0 01 02 03 04 05 045 046 047 048 049 050
g i i g g g Pliracs PR S IR (RN R
0 1.0 m ste 0_
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Fig. 4. Sensitivity tests for (a) LS(T) model and (b)
LL( T) model, showing dependence on computational step
size.

5.2. LS model sensitivity to temperature, wind and
accumulation rate

Figure 5a is a set of nomograms which illustrates the sensi-
tivity of the LS(TWA) model to wind speed at a nominal
temperature of —20°C and accumulation rate of 0.13ma !
w.e. An increase/decrease in temperature of 10°C equates
to a wind-speed increase/decrease of approximately 5 ms 5
as shown by the fine dashed curves in Figure 5a. Similarly,
an increase/decrease in accumulation rate of 0.05 m a 'we.
equates to a wind-speed decrease/increase of approximately
25ms . Figure 5b presents a similar set of curves for a
nominal temperature of ~20°C at a wind speed of 5ms '
for a range of accumulation rates. An increase/decrease in
annual mean temperature of 10°C! equates to a decrease/
increase in accumulation rate of 0.10ma ' w.e. These figures
are a guide to inter-site comparison.

Beyond 0.70-0.75 Mg m ", predicted density changes do
not match real changes within the snowpack (Fig. 5a and b).
Predictions for the depth at which pore close-ofl’ occurs
(0.83 Mg m % Paterson, 1994), are likely to be too shallow.
LGB35 and Mizuho provide clear examples of this, where
the LS(TWA) model predicts first-stage depths (0.55 Mgm y
close to those ohserved, but cut-off depths several metres too
shallow (‘Table 3).
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Fig. 5. Density—depth nomograms for LS( TWA) model, showing (a) effect at —20°C and 0.15ma " of winds from 0.0 to
15.0ms " in steps of 25ms " and (b) accumulation rate from 0.05 to 0.35ma "in steps of 0.05ma”" for —20°C and 50m s
Effects of varying either temperature (long dashes) or accumulation/wind rate (short dashes) are also shown. Similarly for

LL(TWA) model (¢, d).

5.3. LL model sensitivity to temperature, wind and
accumulation rate

Simple rearrangement of the LL(TWA) model leads to an
iterative formulation which asymptotes toward the density
of bubble-free pure ice.

Figure 5c and d indicate that temperature and accumu-
lation rate have the greatest influence on the LL profiles. An
increase/decrease of 10°C equates to an increase/decrease in
wind speed of approximately 7.5ms ', and a decrease
increase in accumulation rate of approximately 0.10ma’
w.e. An increase/decrease in wind speed of 25 m s ' matches
a decrease/increase in accumulation rate of 0.04 ma 'wee.

This model generally produces densities at the surface
which are much higher than observed. This feature of the
model, along with its asymptotic approach to the density of
pure ice, indicates that it is more applicable to the second
stage of firnification, from 0.55 to 0.83 Mg m *, and beyond.
Predicted depths of the first stage of firnification and the
transition density from firn to glacier ice are given inTable 3.

6. CONCLUSIONS

The results presented here confirm that Antarctic firn den-

Table 3. Depth of first (0.55Mgm ”) and second
(0.83 Mg m ) stages of firnification at selected sites for the
various models (dashes indicate surface densities above this
limit )

Site Measured  LS(T) LS(TWA) LL(T) LL{TWA)
Depth (m) 1o 0.55 Mgm ™~

LGB35 6.8 15:1 6.6 18.4 =

Mizuho 6.5 132 6.8 14.8

L. AmericaV 115 10.0 11.9 8.5 48
Depth (m) to0.83 Mgm *

LGB35 16.0 >60 344 >60 319

Mizuho 51.8 67.8 35.1 722 321

L. AmericaV 50.5 53.5 61.0 575 51.4
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sities are predominantly determined by overburden pres-
sure and that variability among sites is governed by local
meteorological parameters: temperature, wind and accu-
mulation rate. For the first and early second stages of firnifi-
cation, up to around 070-075Mgm ° an LS model
provides an adequate description of the process. Increased
temperatures and stronger surface winds enhance firnifica-
tion, whilst higher accumulation rates mask these effects by
limiting the length of time for which the upper layers are
exposed to surface conditions. For the second stage, through
to densities approaching the maximum limit of pure ice, an
LL model provides the better match with data. Temperature
is an important factor in this model, and accumulation rate
appears to be a significant parameter as well, though sur-
face wind speed has minimal influence at depth. Stepwise
transitions in density—depth profiles may be a recurrent fea-
ture in cores taken from sites located near the fronts of large
ice shelves due to periods of melt and ablation which
strongly influence densities beyond the applicability of the
models presented here.
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