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Temperature change is the major driver of late-glacial and
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ABSTRACT
Advance and retreat of temperate glaciers is largely controlled by changes in temper-

ature and precipitation, but the relative importance of these drivers is debated. Numerical
modeling of a New Zealand glacier reveals that temperature is the dominant control on
glacier length. We find that a glacial advance, dated to ca. 13,000 yr B.P., requires a
cooling event of 3–4 8C. This mid-latitude Southern Hemisphere cooling is similar in
magnitude to the Antarctic Cold Reversal in the Vostok ice core record and likely to be
a response to the same climate signal.
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INTRODUCTION
Reconstructing climate from glaciers yields

important insights into the magnitude and tim-
ing of recent climatic changes. The Franz Jo-
sef Glacier, New Zealand (NZ), is critical in
this regard, as it has the longest observed rec-
ord of glacier length in the Southern Hemi-
sphere and a well-dated moraine record (Den-
ton and Hendy, 1994; McKinzey et al., 2004).
However, studies of the Waiho Loop moraine
(Fig. 1), deposited by the Franz Josef Glacier
ca. 13,000 yr B.P. (Denton and Hendy, 1994;
30 14C dates derived from wood fragments at
Canavans Knob were calibrated with INT-
CAL04 [Reimer et al., 2004] resulting in a 1s
mean age range of 12,989 to 13,154 yr B.P.—
here the age is quoted as ca. 13,000 yr B.P.),
have given rise to competing hypotheses of
how global climatic changes occur during
abrupt events such as the Younger Dryas
(Singer et al., 1998; Lowell et al., 1995). Fur-
thermore, use of glaciers as climate proxies is
dependent upon knowledge of the key drivers
of glacier length, which in the case of the
Franz Josef Glacier are controversial (Denton
and Hendy, 1994; Singer et al., 1998; Lowell
et al., 1995; Turney et al., 2003; Robinson et
al., 2004; Rodbell, 2000).

BACKGROUND
Glaciers are influenced by local meteoro-

logical and topographic variables (Oerlemans
and Fortuin, 1992) and one hypothesis is that
length fluctuations of glaciers reflect mainly
temperature changes, as indicated by model-
ing studies of 20th Century glacial retreat
(Oerlemans, 1997). An alternative hypothesis
is that precipitation variation is the dominant
control on glacier length. This view is based
on correlations between glacier length and
synoptic climatology (Hooker and Fitzharris,
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1999), and the interpretation of some pollen
(Singer et al., 1998; McGlone, 1995) and spe-
leothem (Robinson et al., 2004) records in NZ
and South America (Rodbell, 2000). We use
glacier modeling to assess whether tempera-
ture or precipitation changes have driven
length fluctuations of the Franz Josef Glacier,
New Zealand (Fig. 1), during key advances
spanning the past 13,000 yr.

New Zealand straddles the latitudinally var-
iable boundary between subtropical and sub-
polar air and water masses; hence its temper-
ate alpine glaciers are sensitive to shifts of this
climatic boundary. The Southern Alps form a
600-km-long and 2–3-km-high barrier to the
prevailing westerly winds, and receive more
than 10 m of precipitation per year on their
windward flank (Henderson and Thompson,
1999). The combination of relief and high pre-
cipitation results in over 3000 glaciers occu-
pying an area of 1159 km2 and volume of 53
km3 (Chinn, 1989). Temperate maritime gla-
ciers, especially those that descend into low
elevation coastal areas such as Franz Josef
Glacier, are particularly sensitive to climatic
perturbations due to their high accumulation
and ablation rates (Oerlemans and Fortuin,
1992). Franz Josef Glacier covers 35 km2, and
descends 11 km from ;3000 m to its terminus
at ;300 m above sea level, where the mean
annual temperature is ;11 8C and the Tasman
Sea is ,20 km distant (Fig. 1). The lower gla-
cier tongue experiences high rates of year-
round ablation, measured at 20 m water equiv-
alent per year, and ice velocities of up to 1 km
per year (Anderson, 2004).

GLACIER RESPONSE TO
TEMPERATURE AND PRECIPITATION

We used a new process-based numerical
model of the Franz Josef Glacier, constrained
by an extensive set of field measurements, to
assess the climatic significance of four key

glacial advances that have been dated in the
Waiho Valley. Mass balance was calculated
using a degree-day model (Braithwaite and
Oleson, 1989) with parameters calculated
from measurements of climate and mass bal-
ance (2000–2003). Model output has been
verified by comparison with an independent
set of measured mass balance measurements
(2003–2005; Anderson, 2004). Glacier flow is
simulated using a flow line model (Oerlemans,
1986). The accumulation area of the glacier is
modeled using six flow lines (Fig. 1) and flow
parameters have been tuned to present-day ve-
locity measurements.

The model was forced using climate data
from Hokitika, 100 km to the north of the gla-
cier. We calculated monthly mean values of
temperature and precipitation based on the
present-day climatic period of 1970–1999.
Temperature was reduced relative to these val-
ues by up to 6 8C in 0.25 8C increments, while
precipitation was varied from 280% to
1400% of its present-day value in 20% incre-
ments. The glacier flow model is run to equi-
librium with each combination of temperature
and precipitation (n 5 625).

We simulated three Little Ice Age advances
and an advance that went to either the Waiho
Loop or Canavans Knob during the late-
glacial, defined here as the period including
the Antarctic Cold Reversal and the Younger
Dryas. Modeling indicates that a cooling of
;1 8C for the Little Ice Age advances, and up
to 4.7 8C for the late-glacial advances, is suf-
ficient to drive the glacier without a change in
precipitation (Table 1). If precipitation was
solely responsible for the advances, increases
of ;37% to more than 400% are required to
simulate the same ice limits. The modeled gla-
cier advances at ;3.3 km per 1 8C cooling
until it reaches a length of 16 km, after which
the length response to decreasing temperature
change halves (Fig. 2A). A similar behavior
is evident in the response to increasing pre-
cipitation (Fig. 2B), where the ice initially ad-
vances ;6 km for a 100% increase in precip-
itation, but after 16 km the length response to
increasing precipitation reduces by a factor of
3. The reduced response of glacier length to
climate forcing beyond 16 km reflects the
changing valley width as the glacier spreads
laterally onto a poorly confined outwash
surface.
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Figure 1. Franz Josef Glacier (FJG), South Island, New Zealand. Waiho Loop advance dated
at 13,000 yr B.P. from wood collected at Canavans Knob (Denton and Hendy, 1994); Little
ce Age (LIA) advances date from younger than A.D. 1600–1800 (McKinzey et al., 2004). Ice-
thickness change calculated along the six flow lines (dotted lines) with kilometers marked
on main flowline. Present-day climate data recorded in Hokitika (HK); LIA summer temper-
atures have been reconstructed from Oroko Bog (OB: Cook et al., 2002). Moraines from the
Last Glacial Maximum (LGM) and earlier shown in top right inset. Western glacier margin
position is uncertain beyond 15.4 km where the valley becomes unconfined. Sensitivity of
the results to this uncertainty is investigated by running the model at each of the three
margin definitions M1–M3.

CLIMATIC SIGNIFICANCE OF
GLACIAL ADVANCES

The model calculates that either a cooling
(0.8–1.2 8C), or an increase in precipitation
(137% to 157%) can account for the glacier
advances to the three Little Ice Age positions
(Fig. 3a). As the New Zealand instrumental

climate record does not extend before the
1860s, the model results are compared to a
summer temperature reconstruction from A.D.
900 using tree rings from nearby Oroko Bog
(Cook et al., 2002). Three cool periods are
identified in the reconstruction: before A.D.
1600, where 40 yr mean summer temperatures

were 1.4 8C cooler than the present day; at ca.
A.D. 1600 (1.1 8C cooler); and before A.D.
1800 (0.8 8C cooler). Assuming no change in
seasonality, there is a close correspondence
between the cooling required for the Little Ice
Age advances and the Oroko Bog record (Ta-
ble 1), indicating that precipitation cannot
have increased significantly during this period.

The late-glacial advance to the well-known
Waiho Loop moraine requires either a sub-
stantial cooling of 4.1–4.7 8C, a 330%–450%
precipitation increase, or some combination
thereof (Fig. 3B). For the glacier to advance
to Canavans Knob, the dating site where late-
glacial age wood was found (Denton and Hen-
dy, 1994), either a cooling of 3.1 8C or an
increase in precipitation of 210% (Fig. 3B) is
required. The temperature and precipitation
changes required to cause these late-glacial
advances are larger than deduced from local
pollen records. Pollen records from sensitive
bog sites in New Zealand indicate a cooling
either coincident with the Antarctic Cold Re-
versal or straddling the Antarctic Cold Rever-
sal and Yonger Dryas (Turney et al., 2003;
Newnham and Lowe, 2000; Vandergoes et al.,
2005) (Fig. 4). The Kaipo Bog pollen record
from northeastern New Zealand implies a
maximum tree-line depression of ;100–200
m, suggesting that the late-glacial cooling was
probably no more than 2 8C (Newnham and
Lowe, 2003; Newnham personal commun.).
This cooling is less severe than the estimated
4–5 8C cooling during the Last Glacial Max-
imum (LGM) (Newnham et al., 1989). Some
speleothem records also point toward a large
cooling that started 1000 yr later than the start
of the Antarctic Cold Reversal but continued
into the Younger Dryas (Williams et al.,
2005), although the magnitude of the cooling
has not been quantified. An alternative view,
based mainly on low-elevation pollen records,
is that little or no late-glacial cooling occurred
and that glacier fluctuations in New Zealand
were caused by precipitation increases (Singer
et al., 1998; Turney et al., 2003; Robinson et
al., 2004). We find that it is not possible to
advance the model glacier to its late-glacial
position in the absence of cooling without im-
posing unrealistic precipitation values.

SOUTHERN HEMISPHERE LATE-
GLACIAL CLIMATE

The temperature-precipitation reconstruc-
tion for the late-glacial Waiho Loop advance
of the Franz Josef Glacier developed here ap-
proaches the climatic conditions thought to
occur during the LGM (Newnham et al.,
1989), implying that either (1) the late-glacial
climate of New Zealand was significantly
colder than previously estimated or (2) that
the Waiho Loop moraine is an LGM feature.
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TABLE 1. CLIMATIC FORCING FOR GLACIAL ADVANCES

Advance Glacier
length
(km)

Mean annual
temperature

forcing
(8C)

Mean annual
precipitation

forcing
(%)

Oroko Bog mean
summer

temperature change
(8C)*

Waiho Loop (c. 13,000 yr B.P.)† 20–21.2 24.10 to 24.70 1330 to 1450 –
Canavans Knob (c. 13,000 yr

B.P.)†
18.6 23.10 1210 –

LIA 1 (,AD 1600) 14.8 21.15 157 21.4
LIA 2 (c. AD 1600) 14.4 21.00 147 21.1
LIA 3 (c. AD 1800) 13.8 20.80 137 20.8

*The Oroko Bog summer temperature record (900 to 1957 AD) is based on tree ring analysis (Cook et al.,
2002).

†The late-glacial advance was dated at Canavans Knob, but may have extended to the Waiho Loop.

Figure 2. Sensitivity of glacier length to
changes in: (A) temperature, and (B) precip-
itation. Maximum measured variability of
Hokitika rainfall is 139%; annual world pre-
cipitation maximum is 185% (Henderson
and Thompson, 1999). Definition of western
margin (M1–M3, Fig. 1) influences the tem-
perature and precipitation response. M1 rep-
resents the 13,000 yr B.P. advance; it forms
a direct line between valley wall and Waiho
Loop (Fig. 1). This choice could result in
slight underestimation of temperature and
precipitation changes. Deformation and
sliding flow parameters, which control rate
of ice flow, tuned to match measured ice ve-
locity (Anderson, 2004). Glacier length vari-
ations due to a halving and doubling of
these parameters range 200 m.

Figure 3. Sensitivity of
glacier length to com-
bined changes in precip-
itation and temperature
for: (A) Little Ice Age
(LIA) and (B) late-glacial
advances. Waiho Loop
extends from 20 km to
21.2 km along flow line
(Fig. 1), represented by
area between two lines.
Shading corresponds to
glacier length; scale bar
on right. Dotted area:
range of likely combina-
tions of temperature and
precipitation required for
a late-glacial advance,
within present-day range
of interannual precipita-
tion variability at Hokiti-
ka. Precipitation increase
larger than present-day
world maximum is con-
sidered unlikely.

The former is more likely, because the Waiho
Loop records a smaller advance than other
LGM moraines (Fig. 1), and the late-glacial
age for the Waiho Loop is based on a robust
14C chronology (Denton and Hendy, 1994).
Although the wood fragments do not date the
moraine directly, the dating site at Canavans
Knob (Fig. 1) occurs on the lee side of a roche
moutonnée indicating that thick ice advanced

beyond this position during the late glacial
(Denton and Hendy, 1994). Even in the event
that the glacier did not extend far beyond Can-
avans Knob, significant late-glacial cooling of
3.1 8C is required to advance the glacier to the
dating site. If cooling was coupled with a sus-
tained precipitation increase of 39%, to the
present-day interannual variability maximum,
a 2.2 8C cooling is still necessary (Fig. 3).

We contend that cooling is the major driver
of glacier advances, but we do not preclude a
subsidiary role for precipitation changes in
causing the fluctuations of the Franz Josef
Glacier during the past 13,000 yr. The late-
glacial cooling identified here was not con-

fined to the Franz Josef Glacier; advances re-
corded more widely in the central Southern
Alps (Basher and McSaveney, 1989; Ivy-Ochs
et al., 1999; Denton, personal commun.) in-
dicate that widespread cooling occurred. Tem-
perature reductions in New Zealand may be
explained by prolonged periods of southwest-
erly atmospheric circulation, as occurs today
during El Niño events, when strong anticy-
clonic conditions persist to the south of Aus-
tralia throughout the summer (Hooker and
Fitzharris, 1999). Similarly, millennial-scale
global cooling events may be characterized by
enhanced El Niño conditions (Stott et al.,
2002). The cooling coincides with the Antarc-
tic Cold Reversal, when Antarctica cooled by
4 8C for ;1000 yr, but occurs slightly before
the onset of the Younger Dryas in Greenland
(Fig. 4) (Blunier et al., 1998). The Bi-Polar
See Saw hypothesis suggests that Northern
Hemisphere cooling occurs in response to
changes in thermohaline circulation in the
North Atlantic (Broecker et al., 1989; Stocker,
2002) while Antarctic ice-core records register
warming, and vice versa. The hypothesis ex-
plains the phase difference between Antarctic–
New Zealand and Greenland climate, and is
supported by our finding of a late-glacial cool-
ing in the Southern Alps.
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Figure 4. Franz Josef Glacier (FJG) model indicates a cooling of 3–4 8C ca. 13,000 yr B.P.
(solid line) at boundary between Antarctic Cold Reversal (ACR, dark gray) and the Younger
Dryas (YD, light gray), recorded in Vostok (Petit et al., 1999) and Greenland Ice Sheet Project
2 (GISP2; Alley, 2000) ice cores, Antarctica and Greenland, respectively. New Zealand spe-
leothems (Williams et al., 2005) and Kaipo Bog pollen record (showing ratio of lowland
podocarp to grass pollen; Newnham and Lowe, 2000) show cooling coincident with advance
of Franz Josef Glacier, starting during Antarctic Cold Reversal and continuing into the Youn-
ger Dryas. Advance is dated ~1000 yr after start of Antarctic Cold Reversal, compatible with
time required for construction of 100-m-high Waiho Loop moraine.
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