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ABSTRACT

Twentieth century changes in the terminal position of the Franz Josef Glacier on the west coast of New Zealand are compared
with an area-averaged mean annual rainfall series for the summer rainfall region of South Africa. Distinctive teleconnections
are evident in an out-of-phase relationship between the two series, each of which exhibits an oscillation of 18±20 years.
Periods of glacial advance are shown to coincide with extended dry spells in South Africa, when drought years are prevalent.

Reconstructed pressure anomaly ®elds are presented for periods of advance and recession of the glacier and for the inter-
decadal wet and dry spells in South Africa. In both cases major regional atmospheric circulation adjustments take place in a
quasi-regular fashion over time to produce an enhancement in westerly air¯ow during the periods of drought in Africa and
glacial advance on the west coast of New Zealand. Extended wet periods and glacial recession are likewise shown to be
associated with an enhancement of easterly components of the circulation. Changes in precipitation, temperature and moisture
transport are examined and associations with the Southern Oscillation Index are investigated.

Franz Josef glacial advances are shown to occur 4±5 years after the onset of enhanced south-westerly air¯ow on to the west
coast of New Zealand. Advances occur on average 4 years after the onset of extended dry spells in South Africa. Similar
atmospheric circulation anomalies in the respective sectors of the Southern Hemisphere and adjustments in the locations of the
positions of the ridges in standing wave three are responsible for this correspondence. # 1997 Royal Meteorological Society.
Int. J. Climatol., Vol. 17: 1499±1512 (1997)
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INTRODUCTION

Glaciers have long been recognized as sensitive indicators of climatic change and variability. A recent review

of glacier response to climate is given by Raper et al. (1996). Investigation of 127 glaciers in the New Zealand

Southern Alps reveals that since the end of the Little Ice Age in the mid-nineteenth century they have diminished

by 25 per cent in areal extent and shortened by 38 per cent (Chinn, 1996). The maximum extent of the

steep South Island west coast glaciers was reached in 1750 during the Little Ice Age (Lawrence and Lawrence,

1965). The most rapid retreat from the advance at that time has been from the 1890s onwards (Chinn, 1996).

Within the general recession, some glaciers, for example the Franz Josef, have shown regular periods of minor

advance.
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The character of moraines in the lower Waiho valley of the west coast of New Zealand at about 43�S suggests

that the Franz Josef Glacier maintained comparatively stable terminal positions during the late Pleistocene and

early Holocene (Brazier et al., 1992). Following the amelioration of climate at the end of the Little Ice Age, the

glacier has been in general retreat (Chinn, 1989, 1996). However, it was only after the late-nineteenth century that

the glacier lost its relative stability (Hessell, 1983; Chinn, 1989, 1995, 1996) and began its general post-Little Ice

Age retreat that has been punctuated with minor yet signi®cant advances at intervals of 16 to 24 years during

the twentieth century (Chinn, 1989, 1996). The general glacier attenuation has been attributed to temperature

changes associated with global warming (Salinger et al., 1983) and to regional precipitation changes

(Suggate, 1950; Soons, 1971; Hessell, 1983; Brazier et al., 1992; Fitzharris et al., 1992) and associated

circulation changes (Fitzharris et al., 1992; Woo and Fitzharris, 1992; Hooker, 1995). It is evident that both

temperature and precipitation factors contribute to glacier advance and retreat. The effect of global warming on

general glacier recession cannot be ignored in the wider context and over longer time-scales, whereas regional

precipitation and circulation changes exert decisive control on the advancing of speci®c glaciers, such as the Franz

Josef. Local changes in temperature also control the extent to which precipitation falls as snow and not rain.

In the southern African sector of the Southern Hemisphere, 150� (ca. 16 000 km) to the west of New Zealand,

the occurrence of extended spells of wet and dry years during the twentieth century has been studied extensively

(for reviews see Tyson, 1986, 1993). The alternating spells are associated with an approximately 18-year

oscillation in rainfall over the summer rainfall region of the subcontinent (Tyson, 1971 Tyson et al., 1975). The

oscillation extends north from South Africa into Zimbabwe (Ngara et al., 1983). In South Africa it has been

traced back in time through tree ring series to the early-seventeenth century (Visagie, 1885). Keen (1971) and

Tyson et al. (1975) demonstrated an inverse oscillation in mean annual temperature, with lower temperatures

being a function of increased cloud cover and a diminution in solar radiation. The wet and dry conditions have

been linked on inter-annual to decadal scales to circulation changes in general (Miron and Tyson, 1984; Tyson,

1986), to ENSO (Lindesay, 1988; van Heerden et al., 1988; Jury et al., 1994; Jury, 1996), sea surface temperature

changes (Walker, 1990; Jury and Pathack, 1991; Mason, 1995) and the Quasi-biennial Oscillation (Mason and

Tyson, 1992; Mason and Lindesay, 1993; Jury et al., 1994).

When compared, the twentieth century advances of the Franz Josef Glacier and the southern African rainfall

changes show a remarkable association. All the glacial advances occur during extended drought periods in

southern Africa (Figure 1). The high value of spatially averaged rainfall in 1988±1989 occurred as a consequence

of heavy rains in the central parts of the country only. In many other parts, notably eastern areas, the prolonged

drought of the 1980s and early 1990s continued unbroken (Mason, 1996). The most recent dry spell in South

Africa was one of the longest on record; the most recent advance of the Franz Josef Glacier has been the longest

and strongest this century.

In this paper, the teleconnection between South African rainfall and the advances of the Franz Josef Glacier are

examined. The atmospheric circulation changes responsible for variations in regional precipitation are considered

and it is shown that systematic hemispheric adjustments in the general circulation are responsible for bringing

about the synchronous New Zealand west coast glacial advances and the dry spells of South Africa.

Figure 1. Twentieth century advances of the Franz Josef Glacier (modi®ed after Chinn, 1995, 1997) and area mean summer rainfall region
rainfall changes over South Africa (modi®ed after Tyson, 1986). The rainfall series has been smoothed using a nine-term binomial ®lter. The
area-mean rainfall index has been calculated using 430 stations for the period 1930±1931 to 1995±1996 and 59 stations for 1910±1911 to

1929±1930

1500 P. D. TYSON ET AL.

INT. J. CLIMATOL., VOL. 17: 1499±1512 (1997) # 1997 Royal Meteorological Society



THE FRANZ JOSEF GLACIER ADVANCES

New Zealand has over 3000 glaciers, with an estimated ice volume of 53.3 km3 and a total surface area of 1159

km2 (Chinn, 1989). The Franz Josef Glacier is a large mountain glacier to the west of the South Island main

divide. It occurs at approximately 43�S, 170�E and has a neÂveÂ ®eld covering ca. 29 km2 and rising to an elevation

of about 3000 m. As of 1996 the glacier was 11.5 km long and descended steeply as a narrow tongue in a series

of icefalls to a terminal position at an altitude of 250 m. Precipitation along the coastal plain to the west of the

glacier is of the order of 3 m per annum. Just to the west of the Southern Alps, which exceed 2500 m in many

places and reach a maximum height of 3754 m at Mount Cook, annual precipitation exceeds 11 m (Wratt et al.,

1996). The geometry of the glacier and its catchment ensures that it gives a good, clean signal of climate forcing

(Woo and Fitzharris, 1992).

Periods of positive mass balance, when catchment accumulation exceeds terminal and surface ablation,

produce advances in the glacier; periods of negative balance, when the opposite prevails, are associated with

retreat. With the present con®guration of the glacier, only small changes in the mass balance are required to

trigger an advance (Brazier et al., 1992). Variations in cumulative mass balance correspond to patterns of

advance and retreat of the glacier (Woo and Fitzharris, 1992).

Most glaciers in the world have response times to changes in climate that range between 10 and 50 years

(Oerlemans, 1994). Models have been proposed by Johannesson et al. (1989) and Haeberli (1995) that depend on

volume variations related to thickness changes over the length of the glacier and terminus velocities. Using these

models, response times for the Franz Josef Glacier have been calculated to be 7 years (Hooker, 1995) in

comparison with observed times of 5±7 years (Suggate, 1950, 1952; Soons, 1971; Hessell, 1983) and, more

recently, of 4±5 years (Fitzharris et al., 1992; Chinn, 1995).

Following the suggestion of Gellatly and Norton (1984), the debate on the link between climatic change and

glacier behaviour has been widened from looking at either temperature or precipitation as the primary forcing

mechanism to include a multivariate approach. Investigation of glacier mass balance (Woo and Fitzharris, 1992),

snowline elevation changes (Chinn, 1995), modelling (Ruddell, 1995) and atmospheric circulation changes

(Fitzharris et al., 1992; Hooker, 1995) have been undertaken. It is to the circulation changes that have taken place

during the twentieth century that attention is now directed.

PRESSURE ANOMALY FIELDS

New Zealand region

Hessell (1983) used a north±south pressure index between Wellington and Christchurch to demonstrate that a

signi®cant relationship exists between the westerly geostrophic component of the wind and advances and retreats

of the Franz Josef Glacier. Fitzharris and Hay (1989) and Fitzharris et al. (1992) reconstructed sea-level pressure

patterns for the area 100�E to 140�W by 15�S to 60�S over the period 1911 to 1989 using the methods of Jones

and Wigley (1988) and Jones (1991). In addition they determined zonal and meridional pressure gradients and

geostrophic indices between Dunedin and Auckland, and Christchurch and Hobart respectively. Dividing the

glacier's twentieth century history into a slow retreat period up to 1950, a more rapid retreat over the next three

decades and a marked advance in the 1980s, they established that a signi®cant relationship exists between glacier

terminal positions and circulation changes in the westerlies and on the southern margin of the subtropical high to

the north of New Zealand, particularly in summer. Examining these relationships, Hooker (1995) has determined

mean sea-level pressure anomalies for the advance and retreat phases of the glacier during accumulation and

ablation seasons (Figure 2).

Before proceeding to consider pressure anomaly ®elds, it is worth pointing out that it is a well established fact

that if north-easterly air¯ow on to the South Island of New Zealand increases, then areas to the east of the

Southern Alps experience more cloud, less sunshine and increased rainfall, while the west coast becomes clear,

sunny and dry as a consequence of the foehn effect associated with offshore air¯ow (Sturman and Tapper, 1996;

Kidson, 1997). With south-westerly air¯ow on to the west coast, the reverse pattern occurs on both sides of the

mountains, with increasing cloud, diminishing sunshine and increasing precipitation to the west of the mountains.
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These alternative situations are usually associated with changes in the Southern Oscillation Index (Gordon, 1985,

1986), but not exclusively so.

During the retreat phase of the Franz Josef Glacier, surface pressure ®elds in the New Zealand sector of the

Southern Hemisphere show positive anomalies over the south-western Paci®c Ocean to the east of New Zealand

at about 45�S (Hooker, 1995) (Figure 2 (left)). These are stronger in the ablation season than in the accumulation

season. Changes in precipitation, temperature and moisture transport are examined and associations with the

Southern Oscillation Index are investigated. A weak low pressure anomaly is to be observed over the eastern

Indian Ocean to the south-west of Australia. Under such conditions north-easterly wind anomalies prevail over

the Southern Alps, a fact of importance because they reduce the amount of precipitation falling as snow during

the accumulation season. At the same time, with this ¯ow regime, cloud cover decreases over the west coast of

the South Island, solar radiation is at a maximum and temperatures rise, resulting in increased ablation.

Simultaneously, the total quantity of precipitation decreases as the westerlies weaken, especially in the ablation

season, and as they retreat poleward. Concomitant southward movement of the subtropical anticyclone takes

place during the ablation season (Hooker, 1995). The South Paci®c Convergence Zone also moves southward in

association with stronger trade winds and increased north-easterly ¯ow over New Zealand (Kiladis and van Loon,

1988; Hay et al., 1993). Many of these features are associated with La NinÄa events and a positive pressure

anomaly in the ablation season over New Zealand (Hooker, 1995).

In direct contrast, during the advance phase surface pressure anomaly ®elds reverse and a low develops to the

east of New Zealand at about 50�S. This is stronger in the accumulation season than in the ablation season

(Figure 2 (right)). Positive pressure anomalies are generated south of Western Australia in both accumulation and

ablation seasons. South-westerly wind anomalies affect the west coast of New Zealand and the glacier catchment

as the westerlies expand equatorward and strengthen in the accumulation season. This results in increased cloud,

reduced solar radiation receipt and a drop in temperature, particularly in the ablation season. Precipitation

increases. In the ablation season, the ¯ow patterns appear to be more westerly than south-westerly as the belt of

persistent anticyclones south of Australia moves further north (Gordon, 1986; Fitzharris et al., 1992). Many of

these features are associated with El NinÄo events and a negative pressure anomaly in the accumulation season

over and to the east of New Zealand (Hooker, 1995).

Figure 2. Mean sea-level pressure anomalies (hPa) for advance and recession phases of the Franz Josef Glacier during accumulation and
ablation seasons based on 1911-1989 data (after Hooker, 1995)
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The South African region

Within the southern African sector of the Southern Hemisphere, distinctive circulation changes occur between

the summer rainfall region extended wet and dry spells shown in Figure 1. The pressure anomaly ®elds at the

surface and at 500 hPa for the wet spell of 1972±1973 to 1978±1979 and the dry spell of 1963±1964 to 1970±

1971 illustrate the point (Miron and Tyson, 1984). During wet years, positive pressure anomalies are to be

observed to the south of South Africa (Figure 3). These are associated with easterly wind anomalies, i.e. a

weakening of the circumpolar westerlies in the region of 40�S. In direct contrast, during dry spells and periods of

extended drought in southern Africa, negative pressure anomalies develop to the south of Africa, westerly

anomalies are observed in the mid-latitude wind®eld and the westerlies strengthen.

The pressure changes are consistent with those occurring on the scale of days to weeks (Rubin, 1956;

Triegaardt and Kits, 1963), months (Tyson, 1986; Taljaard, 1987) and seasons (Tyson, 1986; Taljaard and Steyn,

1991). Likewise, they are consistent with the notion that the Little Ice Age (Tyson, 1986; Tyson and Lindesay,

1992) and Last Glacial Maximum (Tyson, 1986; Cockcroft et al., 1987; Cohen and Tyson, 1995) in southern

Africa were associated with invigorated westerly circulation in a poleward-expanded circumpolar vortex in the

region. By the same token, it is thought that the wet hypsithermal period over southern Africa at around 6000

years BP was the result of invigorated tropical circulation in the region, associated with easterly wind anomalies

and enhanced moisture advection polewards from the tropics (Tyson, 1986; Cohen and Tyson, 1995).

Figure 3. Mean sea-level (hPa) and 500 hPa (gpm) pressure anomalies for the extended wet spell of 1972-1973 to 1978-1979 and the dry spell
of 1963-1964 to 1970-1971 (after Miron and Tyson, 1984)
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DISCUSSION

In both the New Zealand and southern African sectors of the Southern Hemisphere, El NinÄo±Southern Oscillation

(ENSO) events linked to changes in the Southern Oscillation Index and the Walker Circulation exert a discernible

in¯uence on climate in general and precipitation in particular. Gordon (1985, 1986) and Folland and Salinger

(1995) have reviewed the effect of ENSO on New Zealand weather and climate. Annual temperature anomalies

are positively correlated with the Southern Oscillation Index, particularly in the northern and eastern parts of

North Island, where about 35 per cent of temperature variance is accounted for by variations in the index

(Salinger et al., 1995). In general, El NinÄo and a negative Southern Oscillation Index produce an increase in the

westerly component of wind, which in turn produces increased precipitation over the west coast of the South

Island. La NinÄa and a positive index, in contrast, are associated with a greater incidence of north-easterly air¯ow

and a diminution of west coast rainfall. The complexity of the linkage between ENSO and local patterns of

rainfall and temperature over New Zealand has been explored by Mullan (1995), who shows that the simple

relationship of below-average temperature with El NinÄo and the opposite with La NinÄa is incorrect for much of

the South Island. It is now suggested that negative temperature anomalies occur during both ENSO extremes. The

relationship is non-linear and probably related to the role of cloud development in north-easterly airstreams. El

NinÄo produces a drop in maximum and minimum temperatures as the circulation adjusts to a greater frequency of

south-westerly air¯ow, whereas La NinÄa results in a cloud-induced drop in the maximum temperature only

(Mullan, 1995). Furthermore, the nature of the ENSO circulation relationship in the New Zealand sector appears

to have varied during the twentieth century, with a mode change at around 1950. The interaction of global

warming processes, ENSO and volcanic eruptions may be the cause of this complexity.

A link between ENSO events and the advance and recession of the Franz Josef Glacier has been argued. Thus

the 1947±1951 and 1965±1967 advances were both preceded by periods with a high frequency of negative values

of the Southern Oscillation Index (Brazier et al., 1992). Likewise, 1977±1978, 1982±1983, 1986±1988 and 1990±

1995 have all been El NinÄo years, or years of strong negative index, and have been associated with the largest and

longest sustained advance of the glacier this century (Brazier et al., 1992; Fitzharris et al., 1992; Hooker, 1995).

Notwithstanding, recent work suggests that on the west coast the ENSO effect may not be as strong as hitherto

has been supposed. Only about 10±15 per cent of the inter-annual temperature variance on the west coast may be

ascribed to ENSO at statistically signi®cant levels. Although the correlation between precipitation and the index

is negative for the area, it accounts for less than 10 per cent of the variance and is not statistically signi®cant

(Salinger et al., 1995). Pressure anomaly ®elds for periods longer than El NinÄo events illustrate that more than

just ENSO forcing is at work in producing the observed glacial ¯uctuations. The link to the circulation changes

around southern Africa suggests the same.

El NinÄo events are associated with droughts over southern Africa. Of the total inter-annual variance in rainfall over

South Africa, up to 25 per cent is accounted for by changes in Southern Oscillation Index and the Walker Circulation

(Lindesay, 1988). If the data are strati®ed according to the sign of the stratospheric Quasi-biennial Oscillation, the

maximum explained variance rises to over 36 per cent when the Oscillation is westerly. With the easterly phase of the

Quasi-biennial Oscillation, the variance accounted drops to about 16 per cent (Mason and Lindesay, 1993). In the

southern African region, changing sea-surface temperature exerts a major effect on the changing interannual

distribution of rainfall on the subcontinental scale (Walker, 1990; Jury and Pathack, 1991; Mason, 1995). The

in¯uence of sea-surface temperature is greatest during the austral summer months (Mason, 1995; Jury, 1996). The

association between rainfall and sea-surface temperature is strongest in the case of the equatorial Indian Ocean, but

the signi®cance of ocean areas further south and in the Atlantic Ocean should not be discounted (Walker and

Lindesay, 1989; Walker, 1990; Mason, 1995; Mason and Jury, 1997). In part, the in¯uence of sea-surface

temperatures in the equatorial Indian Ocean is a re¯ection of an increase (decrease) in temperatures in the region that

typically occurs during El NinÄo (La NinÄa) events (Cadet, 1985; Suppiah, 1988; Meehl, 1993; Jury et al., 1994;

Mason, 1995). However, Indian Ocean warm events do occur independently of ENSO forcing (Cadet, 1988) and not

all sea surface temperature±rainfall links can be traced to ENSO (Mason and Tyson, 1992; Tyson, 1993; Mason,

1995). Inter-annual variability of southern African rainfall is the consequence of multiple forcing.

The inter-annual interactions between tropical and temperate circulation systems over southern Africa are

important in determining the overall conditions favouring the occurrence of a run of either wet or dry years. This

1504 P. D. TYSON ET AL.

INT. J. CLIMATOL., VOL. 17: 1499±1512 (1997) # 1997 Royal Meteorological Society



is particularly so in respect to the changing regions of preferred formation of tropical±temperate troughs,

standing wave structure, diabatic heat and momentum transports (Harangozo and Harrison 1983; Barclay

et al., 1993), changing seasonal and annual pressure anomaly ®elds (Miron and Tyson, 1984; Taljaard and

Steyn, 1991), mean divergence anomaly ®elds (Tyson, 1986) and moisture advection (D'Abreton and Lindesay,

1993; D'Abreton and Tyson, 1994, 1996). The circulation components responsible for wet and dry spells

over southern Africa are illustrated schematically in Figure 4. The interaction produces a tendency for runs

of wet and dry years to produce an oscillation in the rainfall of the summer rainfall region with a period

of around 18 years (Tyson, 1971, 1986; Tyson et al., 1975). In addition to the major peak at about this

period, others in the range 3±4 years (ENSO) and at 2�3 years (Quasi-biennial Oscillation) are to be observed.

The quasi-18-year peak occurs in tree-ring series and has been traced back to the early seventeenth

century (Visagie, 1985). The oscillation has also been observed in ocean temperatures around South Africa

(Mason, 1990; Mason and Jury, 1997) and appears to be similar to that reported at about 21 years in

Southern Hemisphere sea-surface temperatures (Folland et al., 1984). In the eastern equatorial Paci®c Ocean,

inter-decadal variability in sea-surface temperatures (Hurrell and van Loon, 1984) shows an out-of-phase

association with the 18-year rainfall oscillation over southern Africa (Mason and Jury, 1997), although there is no

evidence of similar low frequency variability in the Southern Oscillation Index (Allan et al., 1996). In summary,

although the ENSO phenomenon is important in affecting climate variability over both New Zealand and South

Africa, it does not appear to provide an adequate mechanism for explaining the teleconnection observable at

inter-decadal scales. It is therefore necessary to examine the features of the atmospheric circulation responsible

for advances and retreats of the Franz Josef Glacier and for prolonged wet and dry years over South Africa in

more detail.

In the New Zealand sector, the full range of circulation variations in¯uencing advance and retreat of the west-

coast glaciers is summarized in Figure 5. Earlier arguments that advance and recession were the product of either

temperature or precipitation changes alone (Hessell, 1983; Salinger et al., 1983; Gellatly and Norton, 1984) have

evolved into an understanding of a more complicated and subtle process. Ablation in summer is favoured by

higher frequencies of lighter north-easterly winds of tropical origin, warmer, drier conditions and increased

sunshine. Accumulation in winter is enhanced by an increased frequency of stronger south-westerly winds,

precipitation, lower temperatures and less sunshine (Fitzharris et al., 1992; Woo and Fitzharris, 1992; Hooker,

1995). Simple modelling supports the notion that it is the interplay of precipitation and temperature effects that

control New Zealand glacier changes (Ruddell, 1995). More importantly, it is atmospheric circulation changes

that modulate changes of precipitation and temperature.

Despite the fact that the New Zealand region is subject to strong westerly air¯ow, it may also experience

markedly contrasting air masses, owing to relatively strong meridional components of circulation in this sector of

the Southern Hemisphere (Basher and Thompson, 1996). The consequence is the signi®cant rises (falls) in

temperature that result from northerly (southerly) wind anomalies. The meridional circulation is enhanced by

frequent anticyclonic blocking to the south-east of New Zealand. A good example of such a situation is the cold

winter of 1992, when anomalous southerly ¯ow was caused by the persistent location of low pressure systems to

the south-east of the country owing to downstream anticyclonic blocking over the central South Paci®c. This

situation resulted in both cooler air and lower sea-surface temperatures throughout the region (Basher and

Thompson, 1996).

As the atmospheric circulation responds to hemispheric-scale forcings, so the New Zealand region experiences

periods dominated by either zonal or meridional ¯ow. The circulations most conducive to glacier retreat on the

west coast are those that favour enhanced north-easterly air¯ow. Typically this occurs when blocking

anticyclones develop to the south-east of the South Island. Blocking tends to develop preferentially in the winter

(accumulation) season in association with a breakdown of the westerlies (Sinclair, 1996). At such times advection

of warm, moist air over the country increases rainfall to the north-east, but diminishes precipitation to the

southwest. In contrast, a strong zonal westerly regime produces the opposite (Kidson, 1994). Blocking situations

are also associated with stronger trade winds, a poleward displacement of the westerlies and the disturbances

therein (Fitzharris et al., 1992). Contemporaneously, meridional ¯ow increases, an upper wave develops with a

trough over Tasmania (Sinclair, 1995) and the subtropical jet splits, with the southward displacement of the polar

jet branch (Kidson and Sinclair, 1995; Sinclair, 1996).
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Figure 4. Schematic representation of circulation changes taking place between extended wet and dry spells in South Africa
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Figure 5. Schematic representation of circulation changes taking place between periods of advance and recession of the Franz Josef Glacier in
New Zealand
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Situations most conducive to glacier advance on the west coast are those favouring an enhancement of zonal

¯ow, weaker trade winds, equatorward movement of the westerlies and the subtropical anticyclone (Fitzharris et

al., 1992), a single jet and weaker upper westerly waves (Sinclair, 1995). These features of the general circulation

are summarized schematically in Figure 5 and are part of broad perturbations in the hemispheric circulation

having a near-decadal oscillation, on which higher-frequency ¯uctuations, such as ENSO and the Quasi-biennial

Oscillation, and aperiodic events, such as volcanic eruptions like that of Pinatubo, are superimposed.

Major regional changes in atmospheric circulation must logically be associated with local processes which

control ablation and accumulation of the alpine glaciers (Hay and Fitzharris, 1988). Field research has shown net

radiation and convective heat and moisture ¯uxes are important factors affecting both the neÂveÂ and terminus

regions of the glaciers (Hay and Fitzharris, 1988; Ishikawa et al., 1992). Convective ¯uxes play the greater role at

lower elevations by in¯uencing the melt processes, which are broadly controlled by such air mass characteristics

as cloud and temperature. Snow accumulation in the Franz Josef area is determined largely by the strength and

frequency of the westerly ¯ow, which controls the amount of orographic precipitation received. The proportion of

precipitation falling as snow is a crucial factor in determining the growth or decay of the glacier and this is

determined by the nature and origin of the airmass involved. The more south-westerly the trajectory of the air

mass, the greater the probability of solid precipitation.

The advances of the Franz Josef Glacier during the twentieth century have occurred with an oscillation of

about 20 years that is antiphase to the quasi-18-year South African rainfall oscillation. Some evidence exists to

suggest a weak ¯uctuation of about the same period in the precipitation of the south-western parts of the South

Island that is the inverse of the rainfall changes to the east of the continental divide (Salinger et al., 1995). Earlier

work also reports some evidence of a quasi-20-year ¯uctuation in New Zealand rainfall (Vines, 1980, 1982). The

mean regional New Zealand annual temperature series for the period 1871±1993 indicates the presence of inter-

decadal variability and an observed warming of 0�7�C (Folland and Salinger, 1995). Minima in the temperature

series are consistent with times of Franz Josef Glacier advance. Spectral analysis of the linearly-detrended series

reveals a peak somewhat above 16 years (Folland and Salinger, 1995), close, but not identical, to the 21-year

oscillation in Southern Hemisphere sea-surface temperatures (Folland et al., 1984). The spectral peak is absent in

tropical western Paci®c sea-surface temperatures (Folland and Salinger, 1995), but is evident in the eastern

equatorial Paci®c (Hurrell and van Loon, 1994) with a period of about 18 years (Mason, 1997).

Dendrochronological studies of Northofagus species at subalpine sites west of the main divide show variance

spectra of growth season (December±March) temperature for the period 1853±1978 with peaks at around 20

years and another at about 3 years (Norton et al., 1989; Norton and Palmer, 1992). Rainfall oscillations with

periods around 20 years have been reported for Victoria, Australia and for parts of southern South America

(Vines, 1980, 1982). Whether further oscillations on decadal scales will be found in Southern Hemisphere

geophysical data remains to be seen. Such variability should be sought and the relationship between the various

oscillations must be examined. The relationships between New Zealand glacial advance and South African

drought suggest that additional teleconnections may be identi®ed that would shed further light on the mechanisms

of important hemispheric-scale modes of low-frequency variability.

Given the absence of ENSO forcing at periods around two decades and the correspondence between

oscillations of this period in New Zealand and South Africa and the cohesive links that have been demonstrated

between the circulation anomalies during South African droughts and Franz Josef Glacier advances, it would

appear that ENSO forcing as a primary driving mechanism for west coast glacial advances has been

overemphasized. Important though the regional effect of ENSO is in New Zealand, the teleconnections between

the advances of the Franz Josef Glacier and South African droughts, and the circulation adjustments that

accompany each, suggest that mechanisms other than ENSO play a dominant role in determining inter-annual

variability in the Southern Hemisphere. Changes in the strength and location of the westerlies in the New Zealand

and South African sectors of the hemisphere appear to play a crucial role.

Strengthened westerlies in an equatorward expansion of the circumpolar vortex have been held to account for

the Last Glacial Maximum in a colder New Zealand experiencing higher precipitation in the west of the South

Island and drier conditions in the north and east of North Island (Harrison et al., 1984; Salinger, 1984). Similarly,

it has been posited that the same circulation changes would have brought about a contemporaneous cool, dry

period in southern Africa (Tyson, 1986; Cockcroft et al., 1987; Cohen and Tyson, 1995). Both notions gain
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credence from the circulation changes that explain the teleconnections between South African rainfall

¯uctuations and the advances of the Franz Josef Glacier.

The teleconnection between New Zealand and South Africa may be linked to changes in standing wave 3 of the

Southern Hemisphere general circulation, and is a re¯ection of either a change in the amplitude or a shift in the

preferred location of the ridges and troughs of the wave, or both (Mason, 1997). Ridges are typically located at

about 40�E, just to the east of South Africa, and at about 165�E, just to the west of New Zealand (van Loon and

Jenne, 1972). During the retreat phase of the New Zealand west coast glaciers, a strengthening of an upper-level

ridge over the country (Figure 5) implies a strengthening and eastward shift of the wave-3 ridge in the region. An

eastward shift of the wave in the southern African sector, away from the east coast of South Africa, permits the

development of a westerly trough over the subcontinent and an enhancement of wet-period poleward transport of

heat, moisture and momentum over the east coast (Figure 4). Conversely, during the advance stages of the

glaciers, wave 3 weakens in amplitude and shifts to the west (Figure 5) allowing a trough to develop over New

Zealand. Contemporaneously, the ridge of wave 3 shifts westward over South Africa (Figure 4). A decrease in the

amplitude of the wave results in the weakened poleward transport of heat, moisture and momentum that is

characteristic of dry-spell conditions. Further work is needed to establish the reasons for these shifts in wave

patterns and possible links with sea-surface temperature increases in the eastern Paci®c Ocean.

CONCLUSIONS

In the New Zealand sector of the southern hemisphere, the advance (retreat) phase of the Franz Josef Glacier is

associated with negative (positive) pressure anomalies to the south-east of the country and stronger (weaker)

westerlies in the accumulation season. Contemporaneously, equatorward (poleward) displacement of the

westerlies occurs, accompanied by equatorward (poleward) displacement of the subtropical high in the ablation

season, anomalous tropical westerly component (easterly component) ¯ow in the accumulation season, a negative

(positive) Southern Oscillation Index, wetter (drier) conditions and cooler (warmer) weather in the ablation

season.

In the South African sector, systematic changes are also observed. Extended dry spells (wet spells) are

associated with the development of deep negative (positive) pressure anomaly ®elds to the south of the country,

increased (decreased) pressures over the continent, equatorward (poleward) extension of the westerlies and

weakening (strengthening) of tropical easterly air¯ow and moisture advection. At the same time, eastward

(westward) displacement of the region for the preferred development of tropical±temperate troughs over the

Indian Ocean (continent) occurs, accompanied by a negative (positive) Southern Oscillation Index, and warmer

(cooler) conditions.

The twentieth century advances of the Franz Josef Glacier have all followed 4±5 years after changes in

atmospheric circulation patterns in the New Zealand region that favour a greater frequency of occurrence of

south-westerly winds. The advances also occur within 4 years of the development of a run of predominantly dry

years in South Africa, where the circulation likewise has changed to favour increased air¯ow in the circumpolar

westerlies. The tropical easterly component winds that promote recession of the Franz Josef Glacier, correspond

to tropically induced wind anomalies of the same direction that favour the occurrence of runs of wet years in

South Africa. The oscillations in South African rainfall and the Franz Josef glacial advances are out of phase.

Both have periods around 20 years, both may be linked to similar oscillations in other geophysical series and both

correspond to oscillations with similar periods in regional sea-surface temperatures in the surrounding oceans.

Provided twentieth century inter-decadal variability patterns that have been observed in New Zealand and

South Africa do not change, it is likely that after several years of stagnation or recession the Franz Josef Glacier

will again advance at some time during the ®rst decade of the twenty-®rst century. At the same time, South Africa

is likely to be experiencing yet another of its extended spells of predominantly dry years. Such speculations need

to be placed on a ®rmer footing. Further work needs to be done on southern hemisphere inter-annual climatic

variability on decadal scales. The inter-decadal teleconnections between the droughts of South Africa and the

advances of the Franz Josef Glacier are linked to such large-scale circulation changes that responses in other data

series elsewhere in the hemisphere must exist and need to be sought.
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