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ABSTRACT. Despite their relatively small total ice volume, mid-latitude valley glaciers are expected to
make a significant contribution to global sea-level rise over the next century due to the sensitivity of
their mass-balance systems to small changes in climate. Here we use a degree-day model to
reconstruct the past century of mass-balance variation at ‘Ka Roimata o Hine Hukatere’ Franz Josef
Glacier, New Zealand, and to predict how mass balance may change over the next century. Analysis of
the relationship between temperature, precipitation and mass balance indicates that temperature is a
stronger control than precipitation on the mass balance of Franz Josef Glacier. The glacier’s mass
balance, relative to its 1986 geometry, has decreased at a mean annual rate of 0.02ma–1w.e. between
1894 and 2005. We compare this reduction to observations of terminus advance and retreat, of which
Franz Josef Glacier has the best record in the Southern Hemisphere. For the years 2000–05 the
relative mass balance ranged from –0.75 to +1.50ma–1w.e., with 2000/01 the only year showing a
negative mass balance. In a regionally downscaled Intergovernmental Panel on Climate Change mean
warming scenario, the annual relative mass balance will continue to decrease at 0.02ma–1w.e.
through the next century.

1. INTRODUCTION
1.1. Rationale
Understanding how the mass balance of small glaciers
responds to climate change is important for the interpret-
ation of global climate change, and for understanding its
impacts. Of the 0.20–0.86m sea-level change that the
Intergovernmental Panel on Climate Change (IPCC) predicts
will occur by 2100, it is estimated that 0.05–0.11m will
occur as a result of the melting of small glaciers (Houghton
and others, 2001). Many interpretations of past environ-
mental change in mid-latitudes, and of the links between
Southern and Northern Hemisphere climate, are based on
observations of glacier terminus position (Grove, 1988;
Denton and Hendy, 1994; Lowell and others, 1995).
Understanding these terminus position records in terms of
climate requires knowledge of the link between climate and
terminus behaviour. In this paper, we investigate the nature
of the climate–mass-balance relationship for ‘Ka Roimata o
Hine Hukatere’ Franz Josef Glacier, a mid-latitude glacier in
the Southern Hemisphere.

1.2. Franz Josef Glacier and previous work
Franz Josef Glacier is a temperate maritime glacier, located
on the western side of the Southern Alps of New Zealand
(Fig. 1). It has the longest and most detailed record of
terminus position in the Southern Hemisphere (Grove,
1988), and a wide range of research has been conducted
there, including analyses of past mass-balance change (Woo
and Fitzharris, 1992; Ruddell, 1995), sensitivity to climate
change (Oerlemans, 1997) and projections of future change
(Oerlemans and others, 1998). These latter studies have
largely been based on mass-balance modelling using
regional climate data, and have used terminus position

rather than systematic mass-balance measurements to
validate and/or tune the models. As a result, they produce
vastly different estimates of annual accumulation and
ablation from long-term mean annual temperature and
precipitation values (Table 1).

In terms of understanding past mass balance, Woo and
Fitzharris (1992) succeeded in producing an historic mass-
balance simulation and linking it to the pattern of terminus
retreat and advance since 1910. However, in order to
achieve this match, they had to tune their model in such a
way that they considered their estimated net balances were
unrealistically positive, given the general retreat of the
glacier over the period. Ruddell (1995) tuned his
model using terminus ablation rates: to enable a realistic
match of his model results with known terminus position he
had to assume annual ablation rates at the terminus of
40ma–1w.e., which is nearly four times as large as the
maximum measured annual ablation rate of any glacier
reported to the World Glacier Monitoring Service,
11ma–1w.e., (Haeberli and others, 2001) and twice that
which will be reported in this study.

1.3. Aims and approach
The aim of this paper is to (1) develop a robust model of the
mass-balance–climate system of Franz Josef Glacier based on
direct measurements of mass balance and glacier climate,
and (2) to use this measurement-calibrated model to examine
past changes in mass balance and to predict future mass
balance. This study concentrates on the behaviour of Franz
Josef Glacier in the 20th and 21st centuries. A degree-day
approach is used for modelling. The parameters of the model
are calculated using measurements from a 3 year programme
monitoring glacier climate and mass balance. The model is
evaluated against a further 2 years of mass-balance measure-
ments. Interpretation of past changes in mass balance is
based on climate data recorded since 1894 at Hokitika,
approximately 100 km to the northeast of Franz Josef Glacier,
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calibrated against a local record, at Franz Josef village
(Fig. 1). Future mass balance is predicted in the context of
regionally adjusted IPCC scenarios.

2. DEGREE-DAY MODELLING
Degree-day glacier mass-balance models allow the calcula-
tion of accumulation, ablation and net mass balance from
simple climate variables. Ablation is calculated from air
temperature, and accumulation is calculated from precipi-
tation using a temperature threshold to discriminate rain
from snow. The model used here is similar to those of
Jóhannesson and others (1995) and Braithwaite and Zhang
(2000). Temperature and precipitation are the only climate
input data required.

The degree-day model calculates daily mass balance from
daily climate data, with the inclusion of empirical constants
based on detailed climate data to incorporate the effects of
sub-daily variation. The model assumes that elevation is the
only controlling spatial variable.

In the model, accumulation (snowfall) occurs on days
when precipitation, p, is greater than zero and the tempera-
ture, T, is lower than a threshold temperature, Tcrit. A value of
Tcrit ¼ 18C has been determined from best-fit modelling in
accumulation models for New Zealand (Moore and Owens,
1984; Barringer, 1989), and that value is used here.
Accumulation, c, at elevation z is given in terms of the
mean daily temperature, Tmean, and total daily precipitation,
ptotal, by:

cðzÞ ¼ fcðTmeanÞptotalðzÞ, ð1Þ
where fc is the accumulation function, an empirical function
representing the proportion of the day that T < Tcrit. The
form of fc is derived from analysis of hourly temperature
data. Precipitation, ptotal, is assumed to fall uniformly
throughout the day.

Ablation, a, at elevation z is assumed to be proportional
to the daily average of hourly positive temperatures, Tpos,
where:

TposðzÞ ¼ 1
24

X24
hour¼1

ThourðzÞ, ThourðzÞ > 0 : ð2Þ

Ablation may then be calculated at elevation z as follows:

aðzÞ ¼ kTposðzÞ, ð3Þ
where k is the degree-day factor, derived here empirically
from measurements of temperature and ablation. Tpos is
obtained from Tmean as follows:

TposðzÞ ¼ fa Tmeanð Þ ð4Þ
in which the ablation function fa is derived from analysis of
hourly temperature data.

To calculate mass balance, B, over the entire glacier for
the balance year, the glacier is split into n elevation bands,
and the daily totals of accumulation and ablation for each
elevation band are summed:

B ¼
X31March

t ¼ 1April

Xn
i¼1

AðziÞ c t , zið Þ þ a t , zið Þ½ �, ð5Þ

where zi is the mid-elevation of elevation band i and A(zi) is
the area of the glacier in elevation band i.

In order to implement the degree-day model as formu-
lated above, the required input data are:

The hypsometry of the glacier, A(z);

The variation of precipitation and temperature with
elevation, T(z) and p(z);

Fig. 1. Location map for Franz Josef Glacier, on the west coast of the
South Island of New Zealand. Long-term climate stations are at
Franz Josef village and Hokitika. A short-term climate station was
run at Almer Hut by the National Institute of Water and
Atmospheric Research, New Zealand, from 1991 to 1995, and
the stations FJG1–FJG3 were installed from 2000 to 2003 as part of
this study. Contour heights are in ma.s.l., and glacier length is
measured relative to Harpers Rock. Mass balance was measured
using stakes year-round below 1400m, and in summer only on the
upper glacier. Crevasse stratigraphy measurement locations are
limited to accessible areas with large crevasses.

Table 1. Comparison of model output for previous mass-balance
models at Franz Josef Glacier

Study Net annual ablation
at 300ma.s.l.*

Net annual
accumulation
at 2500ma.s.l.{

mw.e. mw.e.

Woo and Fitzharris (1992) 22 9.9
Ruddell (1995) 40 8.5
Oerlemans (1997) 22 5.0

*Ruddell (1995) and Oerlemans (1997) calculate net annual ablation from
long-term mean annual temperature. For Woo and Fitzharris (1992) it is
calculated using their degree-day factors and lapse rates.
{Estimated from the mean annual precipitation value used at 2500ma.s.l. in
each study.
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Measurements of daily temperature, Tmean, and precipi-
tation, ptotal, for the period of interest.

The following model parameters are required:

Accumulation function, fc;

Ablation function, fa;

Degree-day factor k.

These required input data and model parameters are
discussed in the rest of this section.

2.1. Meteorological input data
The meteorological input data for the model come from a
number of records. The longest record is of temperature and
precipitation at Hokitika, 100 km to the northeast of the
glacier (Fig. 1). This record is essentially complete since
1894, coinciding with the first survey of the glacier (Harper,
1894). Site changes at this station have been analyzed and
corrections calculated (Salinger, 1981; Gellatly and Norton,
1984). In comparison, the record at Franz Josef village, 7 km
to the north of the glacier, is complete only from 1956, the
station has had a number of site changes and the site notes
indicate that it has often been in poor condition (Salinger,
1981). The record is used from 1982 to define the relation-
ship between Hokitika temperature and precipitation and
Franz Josef village temperature and precipitation.

There have been a number of sites within the glacier
valley where precipitation has previously been measured for
a few months to a few years. These records are described by
Griffiths and McSaveney (1983) and have generally used
storage rain gauges. These short-term data have been
normalized to the longer-term Franz Josef village data
(1941–70) to obtain long-term annual precipitation esti-
mates from these sites (Griffiths and McSaveney, 1983). Data
from an additional site at 1700ma.s.l. (Almer Hut; see
Fig. 1) have been used in this study to define the precipi-
tation at higher elevations, and the same normalization
procedure has been used to obtain a long-term annual
precipitation estimate. These data are used to define the
variation of precipitation with elevation used in the model.

For this study, temperature was measured at three sites on
the glacier at 400, 800 and 2300ma.s.l. (Fig. 1), between
2000 and 2003. Sensors were Hobo and Campbell Scientific
temperature probes mounted 2m above the glacier surface.
These data are used to define the variation of temperature
with elevation used in the model, by reference to each other
and the data collected at Franz Josef village for overlapping
time periods.

2.2. Glacier hypsometry
The surface elevation of Franz Josef Glacier ranges from
�300 to �3000m (Fig. 1). For the purposes of our model,
this range is discretized into 136� 20m wide elevation
bands based on a digital elevation model (DEM) from the
most recent contour map (NZMS 260: H35, I35). This map is
based on 1986 aerial photography, and has an estimated
uncertainty in elevation of �10m. While the glacier has
changed significantly near the terminus since 1986, this
DEM remains the only complete topographic dataset of the
glacier. A fixed glacier geometry is used for the mass-
balance modelling. We refer to mass balance calculated on
this fixed geometry as the ‘relative mass balance’.

This approach does not include the dynamic response of
the glacier, which moves the glacier towards a zero mass-
balance state. Consequently, model output in this study is a
direct reflection of climate variation and its influence on
mass-balance variation, rather than absolute mass balance.
Previous reconstructions of the mass balance of Franz Josef
Glacier (Woo and Fitzharris, 1992; Ruddell, 1995) have
adjusted the glacier geometry through the period of
calculation.

2.3. Precipitation distribution
The distribution of precipitation with elevation, p(z), at Franz
Josef Glacier is critical to the calculation of mass balance
(Oerlemans, 1997), but difficult to derive empirically
because of the well-known difficulties of measuring precipi-
tation at high elevations in mountainous terrain. The curve
for the distribution used here (Fig. 2, heavy line) is well
constrained at low elevations (<600ma.s.l.) by data reported
by Griffiths and McSaveney (1983) and at a higher elevation
by the data from Almer Hut. These data are combined with
the finding that the regional precipitation maximum for the
Southern Alps lies to the northwest of the main topographic
divide (Fig. 1; Griffiths and McSaveney, 1983; Henderson
and Thompson, 1999), which confirms the measured
reduction in precipitation towards the head of the glacier.

A precipitation maximum of approximately 11ma–1 is
found near 1200 m a.s.l., reducing to 8.2 m a–1 at
1700ma.s.l. Above this elevation, precipitation reduces to
5.1ma–1 at 2500ma.s.l. Precipitation above 1700ma.s.l. is
established from comparison with net accumulation meas-
urements (see section 3) and includes effects such as the
reduction in accumulation resulting from wind redistribu-
tion of snow.

An estimate of the uncertainty in this curve is provided
from the maximum standard error of estimate provided by
Griffiths and McSaveney (1983) and is applied up to
1700ma.s.l. Beyond this elevation the minimum precipi-
tation is constrained by net accumulation measurements

Fig. 2. The polynomial relationship between annual precipitation
totals and elevation, p(z), for Franz Josef Glacier used as input to the
degree-day mass-balance model (thick line). Curves used by pre-
vious studies are also shown. The Westland National Park (WNP)
measurements were reported by Griffiths and McSaveney (1983);
these and the Almer Hut data are normalized to the long-term mean
annual rainfall as explained in the text. Uncertainty in the
distribution is denoted by the shaded area, as explained in the text.

Anderson and others: Mass balance of Franz Josef Glacier 599

https://doi.org/10.3189/172756506781828449 Published online by Cambridge University Press

https://doi.org/10.3189/172756506781828449


(see section 3), and the maximum by the measurement at
1700ma.s.l., as there is no indication of a second peak in
precipitation west of the divide in other transects across the
Southern Alps (Griffiths and McSaveney, 1983; Henderson
and Thompson, 1999). The value of precipitation within this
range (Fig. 2, thick line) has been chosen by further testing of
the mass-balance model described here, with a simple
flowline model and the present-day length of the glacier
(Anderson, 2004).

Previous mass-balance models at Franz Josef Glacier have
characterized the distribution of precipitation with elevation
in various ways (Fig. 2). The estimates of Griffiths and
McSaveney (1983) and Woo and Fitzharris (1992) do not
have a peak in precipitation, but suggest that the precipi-
tation increases monotonically with elevation. Ruddell
(1995) and Oerlemans (1997) do indicate a lowering of
precipitation towards the head of the glacier, but the
location of the peak, and the value at the head of the
glacier are quite different. In contrast, we have defined the
location of the peak, although the precipitation at the head
of the glacier is still poorly constrained.

2.4. Temperature distribution
The distribution of temperature with elevation, T(z), that we
use (Fig. 3) is determined from a combination of measure-
ments from the three temporary glacier climate stations and
long-term data from the permanent Franz Josef village
station. Lapse rates have been calculated between Franz
Josef village and the stations FJG2 and FJG3 (Fig. 1), and
used to calculate mean annual temperatures at these
stations (Fig. 3). The lapse rate between the mean annual
temperatures at FJG2 and FJG3 is 0.00488Cm–1, compatible
with that calculated directly between the stations FJG1–
FJG2 and FJG2–FJG3. This lapse rate implies an abrupt
change in temperature of Ts ¼ 1.358C at 155m a.s.l.,
between Franz Josef village on the coastal plain and the
first glacier climate station. This is a ‘glacier cooling effect’,
where temperatures at a glacier climate station are lower

than temperatures at an ice-free climate station at the same
elevation (Braithwaite and others, 2002).

The uncertainty in this temperature distribution has been
estimated from the range of mean annual temperatures at
FJG2 and FJG3 calculated from the 95% confidence
intervals of the lapse rates from Franz Josef village, resulting
in a range in the temperature step, Ts, of 1.09–1.548C.

2.5. Accumulation function
As indicated earlier (Equation (1)), the accumulation
function, fc, represents the proportion of precipitation that
falls while the temperature is lower than the critical
temperature Tcrit ¼ 18C. The form of this function is derived
from hourly measurements of temperature at the three
glacier climate stations (FJG1–FJG3; Fig. 1), and a piecewise
linear function is fitted to the relationship between measured
mean daily temperature, Tmean, and the proportion of the
day that T< Tcrit:

fc Tmeanð Þ ¼
1

� Tmean�4
6

0

9>=
>;

Tmean < �2
�2 � Tmean < 4

Tmean � 4:
ð6Þ

Thus, when the mean daily temperature, Tmean, is less than
–28C all precipitation falls as snow, and when Tmean is
greater than 48C all precipitation falls as rain. In between,
the proportion varies between these extremes. This accumu-
lation function, fc, in combination with p(z) (Fig. 2) and T(z)
(Fig. 3), allows the calculation of accumulation at any
elevation on the glacier.

2.6. Ablation function
To calculate ablation using the degree-day method, the daily
temperature needs to be related to the daily positive
temperature sum, Tpos, as indicated in Equation (4). The
mean of the daily minimum and maximum temperatures is
chosen as the input to the degree-day model because of the
strong correlation between this quantity and mean daily
temperature at each of the three glacier climate stations
(r ¼ 0.98 for the period 2000–03).

In order to calculate the relationship between the daily
mean temperature, Tmean, and the daily positive temperature
sum, Tpos, the mean of minimum and maximum daily
temperatures measured at each of the three glacier climate
stations is compared with the daily positive temperature sum
(see Equation (2)), measured hourly, at the same station. A
strong piecewise linear relationship (r ¼ 0.98) is found of
the form:

Tpos ¼ faðTmeanÞ ¼ 0
Tmean � 0:4

�
Tmean < 0:4
Tmean � 0:4:

ð7Þ

Combined with the distribution of temperature with eleva-
tion (Fig. 3), the positive temperature sum, Tpos(z), can now
be calculated using Equation (7) at any elevation on the
glacier, using the daily minimum and maximum tempera-
tures at Franz Josef village.

2.7. Degree-day factors
In the degree-day model, ablation is calculated using
degree-day factors, which are determined empirically for
this study on the basis of Equation (3), with different factors
determined for snow and ice surfaces. To calculate degree-
day factors using Equation (3), ablation and Tpos are
required. Ablation, a, was measured at intervals ranging

Fig. 3. The relationship between temperature and elevation for
Franz Josef Glacier used in this study. A temperature step of 1.358C
at the elevation of the Franz Josef village climate station, and a
lapse rate of 0.00488Cm–1 are used. TFJV denotes temperature
measured at Franz Josef village, and zFJV is the elevation of Franz
Josef village (155ma.s.l.). The mean annual temperatures at FJG1–
FJG3 have been calculated from long-term mean annual tempera-
ture at Franz Josef Glacier, as explained in the text.

Anderson and others: Mass balance of Franz Josef Glacier600

https://doi.org/10.3189/172756506781828449 Published online by Cambridge University Press

https://doi.org/10.3189/172756506781828449


from 10 to 45 days at 34 stakes distributed across the glacier
from 400 to 2500ma.s.l. for the period October 2000 to
March 2003. The positive temperature sum, Tpos, was
determined for each ablation measurement period for each
stake from the temperature recorded at the nearest glacier
climate station lapsed to the elevation of the stake using the
empirically determined lapse rate (Fig. 3). The dataset is split
into two subsets depending on whether the ablation
measurement was made on an ice or snow surface. The
gradients of the regression lines through the bivariate plots of
a –Tpos (Fig. 4) are the degree-day factors ki and ks. The
resulting degree-day factor for ice, ki, with its 95%
confidence limits, is 7.17�0.20mmw.e. d–1 8C–1, and for
snow, ks, is 4.55� 0.50mmw.e. d–1 8C–1. These values agree
well with values in the literature, summarized by
Braithwaite and others (2002) and Hock (2003).

For the purposes of modelling, and in order to apply the
snow and ice degree-day factors correctly, a realistic snow-
depth distribution is assumed, based on annual equilibrium-
line altitude (ELA) measurements at the start of modelling,
and snow depth tracked in the model. Where the snow
thickness is less than a critical value, in this case 0.1mw.e.
(cf. Jóhannesson, 1997), the degree-day factor is varied
proportionally with the snow depth between the snow and
the ice degree-day factor. The model is run for 10 years prior
to the calibration and evaluation periods 2000–05, to ensure
any start-up effects resulting from the initial snow-thickness
specification do not impact on model output.

3. MASS-BALANCE MODEL EVALUATION
In this section, before proceeding to reconstruct past mass
balance and predict future mass balance, we evaluate the
model by comparing its output with independent field
measurements over the remaining 2 years of the measure-
ment programme. In particular, we compare model predic-
tions of the elevation distribution of annual net mass balance
with various measurements of net annual mass balance,
including the annual ELA, and examine the sensitivity of the

model to its input parameters. We also explore how
consistent model output is, using the Hokitika and Franz
Josef village stations as input, with the aim of using the more
distant but longer-term Hokitika station for long-term mass-
balance reconstruction.

A comparison between the two climate datasets for
1982–2003 (the period of recording at the most recent Franz
Josef village site) indicates some systematic seasonal
differences between mean monthly rainfall rates and
temperature at the two sites (Fig. 5). Franz Josef village has
a winter minimum in rainfall, and a smaller seasonal
temperature variation than Hokitika. The temperature and
precipitation relationships in Figure 5 are used to transform
Hokitika data to the Franz Josef village site to take into
account these seasonal differences.

3.1. Model sensitivity
Sensitivity tests have been carried out to test the robustness
of the model, with respect to the following input data and
parameterizations within the model:

Franz Josef village input data

Precipitation distribution

Temperature distribution

Degree-day factors

Accumulation function

Ablation function.

The ‘standard’ run uses Hokitika climate data as input and all
parameters as discussed in section 2. The Franz Josef village
input data are used to test whether there is a difference
between calculating mass balance using these data and the
Hokitika data. The uncertainties in the temperature and
precipitation distributions and the degree-day factors have
been discussed earlier and these values are used for the
sensitivity analysis. The sensitivity of the model to the
accumulation and ablation functions is tested by removing
them, and replacing the accumulation function with a simple
temperature threshold based on the daily temperature, and
replacing the ablation function with the daily temperature
unless it is less than zero, in which case it is set to zero.

Fig. 4. Relationship between measured ablation and positive
temperature sums, Tpos, for snow and ice surfaces at Franz Josef
Glacier. Ablation data are from mass-balance measurement sites
over the period October 2000 to March 2003, with temperature
lapsed to the measurement site from the nearest climate station
(Fig. 1) using the lapse rate shown in Figure 3. The gradients of the
linear regression shown for snow and ice define the degree-day
factors, ks and ki respectively (see Equation (3)).

Fig. 5. Comparison of mean monthly temperature and monthly
precipitation for climate stations at Franz Josef village and Hokitika
for the period 1982–2003. The rainfall ratios are >1, indicating that
rainfall is higher at Franz Josef village. The temperature differences
are negative, indicating that Franz Josef village is cooler.
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Using Franz Josef village input data yields a mass balance
that is within the variation due to uncertainties in model
parameters (Table 2), except in 2004/05, where the calcu-
lated mass balance is 0.94ma–1w.e. less than the standard
run. In 2004/05, there was a large precipitation event in June
that was present in the Hokitika record but not the Franz
Josef village record, which resulted in a significant differ-
ence in mass balance that persisted to the end of the balance
year. In general, the net annual mass-balance calculations
using the two datasets show a similar temporal pattern and
there is not a systematic difference in the mass balance
calculated (Table 2).

The model is not notably sensitive to the other par-
ameters, with the variation in mass-balance calculation
being relatively small (Table 2; Fig. 6). The range of
calculated mass balance is dominated at higher elevations
by the uncertainty in precipitation above 1700ma.s.l. If the
uncertainty in precipitation is neglected, the range in
calculated mass balance is within �0.6ma–1w.e.

3.2. Annual mass-balance measurements
Net annual mass-balance measurements were obtained in
two ways. In the accumulation area, crevasse stratigraphy
was used to obtain measurement of net accumulation at
10–15 sites at the end of each summer (March 2001 to
March 2005; Fig. 1). This method is appropriate for
measurement of accumulation in high-snowfall areas (Pelto,
1996, 1997), despite its limitations (Meier and others,

1997). Water equivalent was calculated from snow thickness
measurements using a relationship between elevation and
snow density developed on the adjacent Tasman Glacier
(Ruddell, 1995) as follows:

� ¼ 44:75z�0:557, ð8Þ
where � is mean density for the annual snow layer, and z is
surface elevation. Densities varied between 590 and
650 kgm–3. The elevation of zero annual mass balance,
equal to the ELA, has also been measured. In the ablation
area, net annual mass balance was obtained by summation
of short-term stake measurements of mass balance.

Annual accumulation measurements derived from these
data (Fig. 6) show wide variability across a narrow elevation

range, and in some years little relationship with elevation:
for example, in the 2002/03 balance year, net annual
accumulation values ranging from 2.8 to 8.2mw.e. were
obtained within a 60m elevation range (Fig. 6c). Annual
ablation data (Fig. 6) also indicate that net annual ablation is
affected by variables other than elevation, but there is a
clearer association with elevation than for accumulation.

The mass-balance data collected during the years ending
March 2000 to March 2003 were used for model calibration,
while data collected during the years ending March 2004
and March 2005 were reserved for model evaluation.
Modelled results for all five years allow the calculation of
net total mass balance for the glacier, indicating that the
glacier experienced positive total annual mass balance
relative to the 1986 geometry in all years except for 2001/02
(Table 2).

The measured mass-balance values also allow us to assess
the model performance of previous modelling attempts
(Woo and Fitzharris, 1992; Ruddell, 1995; Oerlemans,
1997), although as we must compare mean annual values
from these models with measurements from this study over a
few years, caution in interpretation is required. The net
ablation measured near the terminus, of approximately
20ma–1w.e., is similar to the model results of Woo and
Fitzharris (1992) and Oerlemans (1997), but Ruddell (1995)
overestimates ablation by a factor of two. The net accumu-
lation measurements have a wide range as indicated above,
but the results of Ruddell (1995) and Oerlemans (1997) are
both within that range, while the 10ma–1w.e. maximum
estimated by Woo and Fitzharris (1992) is not approached.

3.3. Measured and modelled mass balance
The mass-balance measurements do not lie wholly within
the range of variation prescribed by the uncertainty in the
model parameters. There are clearly sources of mass-
balance variation which are not incorporated into the model
and which we discuss later. The match is better for the last
two evaluation years than the first three calibration years
(Fig. 6). The model is not ‘tuned’ as such during the
calibration years, but the ablation measurements are not
independent of the model because the degree-day factors
are calculated from measurements of temperature and
ablation. Measured mass balance on the lower part of the
glacier is generally less negative than modelled, consistent
with the reduction in ablation from shading by the steep
valley walls. The mismatch between modelled and meas-
ured mass balance is most obvious in the years 2000/01 and
2002/03 in the net accumulation measurements, where the
modelled values are generally less positive than the meas-
ured values (Fig. 6).

There are a number of possible reasons for this dis-
crepancy:

1. The net accumulation measurements are not accurate,
perhaps due to incorrect density calculation or mis-
identification of annual layers.

2. The net accumulation measurements are accurate, but
are not representative of the accumulation area as a
whole, due to the high spatial variability observed.

3. The model does not take into account all causes of mass-
balance variation.

Each of these is possible, although we consider 2 and 3 the
most likely. If the net accumulation measurements are

Table 2. Modelled relative mass balance for 2000–05, and the
results of the sensitivity analysis for this period. The standard values
(ma–1w.e.) are calculated using climate data from Hokitika as
input. Model sensitivity is shown as deviations from the standard
values (ma–1w.e.) resulting from using climate data from Franz
Josef village, and varying the model parameters within their
uncertainty ranges

Run 2000/01 2001/02 2002/03 2003/04 2004/05

Standard 0.77 –0.75 1.19 1.42 1.50

Franz Josef village –0.26 –0.56 –0.02 +0.04 –0.94
Min. degree-day factor +0.28 +0.39 +0.28 +0.25 +0.27
Max. degree-day factor –0.28 –0.39 –0.27 –0.25 –0.26
No ablation function –0.46 –0.52 –0.42 –0.41 –0.37
No accumulation function –0.39 –0.61 –0.26 –0.38 –0.31
Min. temperature +0.36 +0.43 +0.32 +0.33 +0.31
Max. temperature –0.51 –0.61 –0.46 –0.48 –0.43
Min. precipitation –0.38 –0.36 –0.39 –0.39 –0.39
Max. precipitation +1.27 +1.20 +1.30 +1.29 +1.33
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accurate and representative, then the precipitation must be
twice as high in the elevation range 2000–2400ma.s.l. as
assumed by the model in 2000/01 and 2002/03. This is
unlikely given the precipitation measurement at Almer Hut,
which constrains the precipitation at 1700ma.s.l. (Fig. 2).
However, it is also apparent that the model cannot simulate
the observed high spatial variability because it occurs in a
small elevation range, and the same set of parameters results
in a better match in 2003/04 and 2004/05.

The degree-day model is constructed under the funda-
mental assumption that elevation, through its influence on
temperature and precipitation, is the only spatial variable
that affects mass balance. However, it is apparent that mass
balance is affected by other spatial variables. Shading,

aspect, slope and the presence of surface debris all affect
ablation (Arnold and others, 1996), and redistribution of
snow by wind affects accumulation (Purves and others,
1999). These processes are clearly significant on this glacier,
and there is more variability in the relationship between
measured mass balance and elevation at Franz Josef Glacier
(Fig. 6) than for many other glaciers (e.g. Jóhannesson and
others, 1995; Fountain and Vecchia, 1999; Braithwaite and
Zhang, 2000).

In summary, the model simulates temporal patterns of
mass-balance change and mass-balance variation with
elevation well, with the exception of net accumulation in
some years (Fig. 6). The Franz Josef village and Hokitika
climate-data inputs result in similar patterns, with variations

Fig. 6. Net annual balance modelled over the elevation range of the glacier. Data in (a–c) have been used for model calibration, while
(d) and (e) are used for model evaluation. Mass-balance measurements are of three types: net accumulation from crevasse stratigraphy in the
accumulation area; a measurement of the elevation of the annual ELA; and net ablation from stake measurements in the ablation area. Data
are not available from all parts of the glacier in all years.

Anderson and others: Mass balance of Franz Josef Glacier 603

https://doi.org/10.3189/172756506781828449 Published online by Cambridge University Press

https://doi.org/10.3189/172756506781828449


between the two ascribed to the simple method of extrapo-
lation of temperature and precipitation between the stations.
The model performs well outside the calibration period,
indicating that using the Hokitika climate record to calculate
Franz Josef Glacier mass balance is a valid approach to
reconstructing past mass balance.

4. PAST MASS BALANCE
The mass-balance model is applied using the Hokitika
climate data as input for the period 1894–2005. The
resulting mass-balance time series indicates that there has
been a systematic decrease in annual relative net mass
balance at Franz Josef Glacier during the last century, at an
average annual rate of 0.02ma–1w.e. (Fig. 7). The change is
not temporally uniform, with most of the reduction in mass
balance occurring between the 1920s and the 1960s. The
trend is small compared to the large interannual variability,
which is typical of a maritime glacier at mid-latitudes
(Oerlemans, 2000).

This systematic decrease in mass balance is reflected in a
3 km retreat of the glacier terminus between 1894 and 1984.
Because the mass balance is calculated on the 1986
geometry when the glacier was close to its 20th-century
minimum extent, the mass balance is positive for 77% of the
years, and the glacier retreats follow periods where the mass
balance was less positive, rather than negative. The pattern
of retreat can be correlated to the mass-balance reconstruc-
tion, with the trend of the 5 year running mean of modelled
mass balance being reflected in the pattern of terminus
advance and retreat (Fig. 7b). For example, the period of
rapid terminus retreat between 1935 and the mid-1940s
followed a period of consistently decreasing 5 year running
mean of mass balance between 1920 and the late 1930s.

The short-term readvances in the late 1940s and 1960s are
preceded by periods of increasing mass balance. The
dramatic and long-lived advances of the 1980s and 1990s
are also preceded by periods of increasing mass balance, but
the mass-balance change was no bigger than the perturba-
tions that caused the smaller advances of the 1940s and
1960s. While there are clearly strong links between the
modelled mass balance and terminus position, the relation-
ship between mass balance and terminus position cannot be
rigorously assessed without an ice flow model. This will be
considered in a companion paper.

There has been debate in the literature over whether
temperature or precipitation is the dominant driver of the
20th-century behaviour of Franz Josef Glacier (Suggate,
1950; Hessell, 1983; Hooker and Fitzharris, 1999). All of the
studies that have tried to answer this question empirically
have attempted to correlate temperature and precipitation
with glacier advance and retreat. The non-linear response of
the glacier to mass-balance perturbations, shown by our
results, makes this approach problematic. An alternative
approach is to correlate temperature and precipitation with
the mass-balance reconstruction directly, hence removing
glacier response from the equation. The results (Table 3)
indicate that modelled mass balance at Franz Josef Glacier is
only weakly correlated with precipitation, even when
precipitation is split into seasonal components. In contrast,
there is a strong relationship between temperature and mass
balance, particularly when only summer temperature is
included. This result corroborates other modelling studies
(Ruddell, 1995; Oerlemans, 1997) which concluded that
Franz Josef Glacier is not notably sensitive to changes in
precipitation, and supports the inference that the tempera-
ture sensitivity of glaciers increases in high-precipitation
environments (Oerlemans, 2001).

5. FUTURE MASS BALANCE
The IPCC predicts global mean annual temperature in-
creases of 2–4.58C over the next century (Houghton and
others, 2001). These predictions for global climate have
been spatially downscaled using statistical methods which
describe how New Zealand’s regional climate deviates from
the large-scale background climate, primarily because of
orographic effects (Mullan and others, 2001). The result is an
estimate of the likely effects of the range of IPCC global
climate-change scenarios on monthly changes in precipi-
tation and temperature at Hokitika over the next 100 years.
These estimates are used for the purpose of modelling future
mass balance at Franz Josef Glacier.

Fig. 7. (a) Relative mass-balance time series for the period 1894–
2005 for Franz Josef Glacier modelled using the degree-day model
in this study. Note that the mass balance is calculated relative to the
1986 glacier geometry. (b) Terminus position for Franz Josef Glacier,
represented as distance from Harpers Rock. Terminus position is
summarized by Ruddell (1995) up to 1991 and collected with
global positioning system (GPS) since 1996 by the authors.

Table 3. The nature of the relationship between mass balance and
climate parameters at Franz Josef Glacier, as indicated by the
correlation between modelled mass balance and temperature and
precipitation on an annual and seasonal timescale. The correlation
coefficient r is calculated using 111 years of data

Season Temperature Rainfall

r r

Annual 0.86 0.41
Winter 0.56 0.17
Summer 0.88 0.39
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In order to investigate the range of possible mass-balance
outcomes for the next century, we explore the mass-balance
implications of four regionally downscaled future climate
scenarios, based on the uncertainty in global warming
scenarios, as follows:

1. A minimum warming scenario;

2. A mean warming scenario;

3. A maximum warming scenario;

4. A ‘no warming’ scenario, in which temperature and
rainfall are both held at their 1970–99 means for
Hokitika through to 2100.

In each of the scenarios 1–3 the mean regional downscaling
sensitivities of temperature and precipitation at Hokitika are
used at monthly resolution, taking into account the
predicted seasonal changes (personal communication from
B.Mullan, 2003). In order to calculate mass-balance
sensitivity changes to temperature increase alone, a further
scenario with a temperature increase of 28C over the next
century and no change in precipitation is examined (Oerle-
mans and others, 1998). The temperature and precipitation
changes associated with each of these scenarios are
indicated in Table 4.

The ‘no warming’ scenario results in a mass balance of
0.1ma–1w.e., indicating that the present-day (1970–99)
climate results in a mass balance that is slightly positive on
the 1986 geometry. In this case, the ELA is at 1860m, and
the accumulation area is 28 km2.

Under the mean warming scenario, in which a 1.48C
temperature increase occurs with a 15% increase in
precipitation, the mass-balance distribution changes mark-
edly (Fig. 8). The change is most pronounced at lower
elevations, where the ablation increases by almost
5ma–1w.e. during the period. At high elevations the change
is less pronounced, as the mean annual temperature at
3000ma.s.l. is still –2.68C, ensuring that there is little melt
and almost all precipitation still falls as snow. The annual
mass balance in 2100 is 2.4ma–1w.e. less than the present
day (Table 4). The ELA rises to 2160ma.s.l., which reduces
the accumulation area by 34% compared to the present day.

The maximum warming scenario, which combines a
2.28C increase in temperature with a +23% change in
precipitation, results in a decrease in mass balance of
4.2ma–1 by 2100 (Fig. 9). Under this scenario the ELA rises
to 2320ma.s.l., reducing the accumulation area by 66%
compared to the present day. This outcome occurs in
response to local warming that is less than the mean annual
global temperature change predicted for the period. If
sustained, the warming would have serious consequences
for the sustainability of the glacier, leaving only a series of
small cirque glaciers.

The minimum warming scenario, in its combination of a
moderate warming (0.98C) with a moderate increase in
precipitation of +10% (Table 4), reduces the mass balance
by 1.4ma–1 from the present day to 2100. The ELA rises to
2060ma.s.l., reducing the accumulation area by 18%
compared to the present day.

The mean warming scenario represents a sensitivity to
climate warming of –1.6ma–1w.e. 8C–1, which is a greater
temperature sensitivity than previously reported in the
literature (Braithwaite and others, 2002). With no precipi-
tation increase (using the 0.028Ca–1 scenario), the sensitivity
is even greater, at –1.9ma–1w.e. 8C–1. Braithwaite and

Fig. 8. (a) The modelled change in mass balance (in ma–1w.e.) for
the ‘mean warming’ future climate scenario from 2005 to 2100.
(b) The relative mass-balance change over this time.

Fig. 9. The range of relative mass-balance variations for the period
2005–2100 calculated using each of the four climate-change
scenarios. The 0.028Ca–1 warming is included to assess the
sensitivity of the glacier to a linear warming.

Table 4. Mean annual changes in Hokitika precipitation and
temperature from present-day values for each of the future climate
scenarios. The resulting change in annual ELA and mass balance
between the present day and 2100 is shown

Model input Model output 2100

Scenario Global
temp.

Hokitika
temp.

Hokitika
precip.

ELA Mass
balance

8C 8C % ma.s.l. m a–1w.e.

Min. warming +1.8 +0.9 +10 2060 –1.3
Mean warming +2.8 +1.4 +15 2160 –2.3
Max. warming +4.3 +2.2 +23 2320 –4.1
0.028Ca–1 +2.0 +2.0 0 2420 –4.2
No warming 0 0 0 1860 0.1
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others (2002) reported a variation of sensitivity from –0.1 to
–1.2ma–1w.e. 8C–1 for 61 glaciers and ice caps and noted
that higher sensitivity was associated with warm wet
maritime environments. Oerlemans and others (1998)
calculated a sensitivity of –1.3ma–1w.e. 8C–1 for Franz Josef
Glacier. The high sensitivity found here reflects the maritime
environment but may also result from the fact that the
comparison period of 1970–99 was characterized by a high
incidence of El Ninõ events, leading to cool temperatures,
high precipitation and glacier advance in New Zealand
(Chinn and others, 2005).

6. CONCLUSION
We have developed a robust degree-day model that is
constrained by field measurement, and which is able to
simulate measured variation of mass balance with elevation
at Franz Josef Glacier. A sensitivity analysis of the model
shows that the major uncertainty is in the values of
precipitation and accumulation at high elevations.

The model indicates that the relative mass balance of
Franz Josef Glacier has been decreasing at an average
annual rate of 0.02ma–1w.e. for the last 111 years, with the
main reduction in mass balance between the 1920s and
1960s. Analysis of the relationship between annual mass
balance and key climate parameters indicates that this
reduction in mass balance is strongly correlated to changes
in temperature (r ¼ 0.86), and only weakly correlated to
changes in precipitation (r ¼ 0.41). The decadal pattern of
variation of mass balance over the period 1894–2005 is
broadly reflected in the observed variation in terminus
position, and in particular in the retreat of up to 3 km during
that time.

In a mean regional warming scenario, the mass balance
of Franz Josef Glacier will continue to reduce at the same
average annual rate, 0.02ma–1w.e., with the net mass
balance reducing by a total of 2.4ma–1w.e. by 2100. Under
a maximum warming scenario, the net mass balance in
2100 will reduce by 4.1ma–1w.e. The sensitivity to climate
warming is greater than previously reported for any glacier,
at –1.9ma–1w.e. 8C–1.

In obtaining empirical evidence to calibrate and
evaluate the model, we have measured the largest rate of
ablation (�20ma–1w.e.) reported in the literature (Haeberli
and others, 2001), and high rates of accumulation of up to
8ma–1w.e. in the elevation range 1800–2300ma.s.l. These
rates, with the topographic configuration and high velocity,
account for the extreme sensitivity of Franz Josef Glacier to
climate change. Our measurements also indicate the extent
to which there is significant variation in mass balance that is
not explained by elevation. This result reinforces the need
for detailed field measurements to enable understanding of
the degree of uncertainty attached to the results of mass-
balance models.
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