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ii. 

PREFACE 

This thesis represents an attempt to analyse some of the causes 

and effects of climate/glacier interaction on the Whakapapanui Glacier. 

Climate/glacier studies encompass a wide range of relationships all of 

which are interrelated. Meier has developed a system which expresses the 

manner in which the various aspect s of this interrelationship are linked. 
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From "Glaciers and Climate", M.F. Meier. In 
The Quaternary of the United States, 1965, 795. 

The writer was concerned principally with the first three stages 

of this system, those which dealt with "the size to which a glacier grows, 

its state of health, its degree of activity, its life span and its history" 

(Sharp, 1960). All these aspects are controlled by meteorological 

factors and the discipline of glaciometeorology has grown up to deal with 

them. 

Part I introduces the background, setttng, instrumentation, 

methodology and problems encountered in the technique of hydrological 

budget studies. Part II is essentially a study of the 1968/9 budget year 

~sing the methodology described in Part I, together with an indication of 

the state of health of the glacier. Part III examines the normality of 

the 1968/9 climatic year, suggests future trends in the state of health of 
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the glacier, and postulates its length of survival. Finally, Part IV is a 

comparison with selected glaciers and contains the general conclusions. 

The thesis is not intended as a compl ete expos{ of climate/ 

glacier r elationships on the Whakapapanui Glacier, it represents rather a 

method for showing how a simplified glaciometeorological technique can 

contribut e to an understanding of this general problem. There are two 

prominent and readily observable avenues which are known to reflect the 

character of climate/glacier relationships. First, there is the budget 

approach which is concerned with the alteration in balance or imbalance 

between annual accumulation and annual ablation. Second, there is the 

approach which examines the response of the glacier to these alterations. 

"Whereas the former approach registers the finite adjustments of glaciers 

in the year-to-year fluctuations in weather conditions, the latter because 

the response is less immediate registers long term climat ic trends." 

(Komb, 1964) This latter technique is an expansion of glacier dynamics 

while the former aspect is a problem of meteorology . 

Aims and Objectives 

The principal aim was to develop a simple and relat ively inexpen­

sive method for measuring the hydrological budget. The second aim was to 

analyse the causes and effects of easily measured meteorological parameters 

on the fluctuations in glacier behaviour. Consequently the research has 

been conducted using, principally, the meso- and macroscopic scales to 

examine the relationship between synchronous meteorological parameters and 

the regime of the glacier. Emphasis was placed on the meteorology of the 

glacier budget, but it was lack of essential hydrological equipment that 

prevented the use of the true hydrological approach (i.e. calculating the 

water potential of a glacier through catchment and runoff measurements) as 

a complementary technique. 
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2. 

LOCATION AND REGIONAL CHARACTERISTICS 

In the centre of the North Island of New Zealand, almost equidis­

tant from the Tasman Sea and Pacific Ocean, is situated a volcanic plateau 

which is dominated by a complex of three mountains aligned in a south-

easterly/north-westerly direction. To the east of this complex, forming 

the eastern periphery of the plateau, is a cordillera consisting of the 

Hauhangaroa, Kaimanawa and Kaweka Ranges, while to the south aligned along 

an almost north/south axis is the Ruahine Range. The only barrier 

impeding the advance of the prevailing westerly and south-westerly weather 

is the now extinct volcanic cone of Mt Egmont (2,517 m) on the west coast 

of the North Island. Of the expanse ringed by these mountainous barriers 

a 170, 000-acre area has been claimed a s the Tongariro National Park~ This 

extensive native r es erve-the original 6,500 acres of which was bequeathed 

to the New Zealand Government in 1887 by the Maori chief Te Heuheu Tukino­

takes its name from the extinct and northernmost member of the central 

volcanic complex, Mt Tongariro (1,969 m). Immediately south-east of 

Mt Tongariro is Mt Ngauruhoe (2,291 m), a young and still very active peak 

forming an almost perfect cone. South of this again is Mt Ruapehu whioh, 

e t 2,797 m, is the highest peak in the North Island. 

The Whakapapanui is one of seven glaciers on the upper slopes of 

very extensive Mt Ruapehu. At latitude 39°16 1 S and longitude 175°33rE it 

faces almost due north. The Whak&papanui and the north-westerly facing 

Whakapapai ti are the only two of the seven glaciars which are no longer 

connected to the summit ice plateau (see Fig.2). Moving around the moun­

tain in an anti-clockwise direction, the other five glaciers are: 

Mangaturuturu, Mangaehuehu, Wahianoa, Whangaehuehu and Mangatoetoenui. 

This unusual situation of glacier ice on an active volcano underlines the 

--, 
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exceptional nature of their location (especially since Mt Egm.ont is 

completely devoid of glacier ice), while at the same time it accentuates the 

precarious nature of their existence. They appear to exist, however, not 

because of the t abu which fe Heuheu, chief of the Taupe tribes, is said to 

have put on the area, but more likely as a result of the combined effects of 

topography, a ltitude, climate a nd regional setting. 

Setting 

The Whakapapanui is a small glacier, nestled under a protective 

rock buttress in the upper reaches of an asymmetrical valley. This rock 

buttress, rising more than 15 rn vertically above the western periphery of 

the glacier, is the uppermost extremity of Restful Rocks (see Plate 1), a 

ridge forming the western bank of the Whakapapa:.1Ui Valley. The slopes to 

the east of the glacier are much more gentle and form part of the cuesta­

like slope which drops down into Te Heu Heu Valley on the steep scarp side. 

These debris-strewn slopes show strong evidence of glacio-fluvial erosion. 

La rge boulders strewn indeterminately over the lower slopes are testimony of 

glacial activity while the smaller rounded material and fine debris indicate 

the extent of erosion caused by meltwater and runoff. 

The scene on the upper portion of Mt Ruapehu (see Plate 2) is one 

of sharp peaks, precipitous ridges, hard volcanic rock and strongly eroded, 

deglaciated slopes covered with debris and boulders. All in all it is a 

rather inhospitable landscape, devoid of all vegetation (except mosses and 

lichens), a~d exposed to whatever ravages nature can muster. The once 

U-shaped valley leading into ''The Gut" (see Plate 3) is now strewn with 

large boulders up to 2 m high on which exfoliation and nivation have been at 

work, giving rise to slated surfaces. Despoliation characterises the 

valley sides and everywhere there is ·the look of utter uselessness and 
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Plate 1. The northern slopes of Mt Ruapehu showing Pinnacle Ridge in the 
left foreground and the highest peak, Tahurangi (2,797 m), in the right 
background. In the lower middle and lower right foregrounds are three 
crescent-like depressions believed to have been occupied by cirque 
glaciers. The one in the lower right foreground is "The Amphitheatre", 
while the uppermost one is "The Cirque" and the other "The Staircase". 
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Plate 2. A close-up of the region of the northern slopes above 2,100 m. 
Knoll Ridge is distinguishable in the middle left foreground with the 
Whakapapanui Stream barely visible in the valley immediately below. 
It issues from the snow-covered region in the centre foreground, which 
is the site of the Whakapapanui Glacier (marked with an "X"). On the 
extreme right is a large snow-covered depression which is partially 
occupied by the Whakapapaiti Glacier. 
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Plate 3. View directly up the Whakapapanui Stream in the centre fore­
ground. "The Cirque" and "The Staircase" a re again visible in the lower 
middle foreground. The area immediately between these two features is 
known as "The Gut". In the upper middle foreground an "X" marks the 
position of the Whakapapanui Glacier. 
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barren infertility (see Plates 4 and 5). Despite its raw and uninviting 

appearance, in wint er when snow covers the landscape down to about 1,500 m 

it sports tantalisingly superb ski slopes and the mountain becomes alive 

with ski enthusiasts. 

Climate 

Two aspects of Mt Ruapehu's climate, which are universal to the 

whole of New Zealand, are (i) its changeability and (ii) the importance of 

wind systems in determining the type of weather. The direction of the air­

flows is fairly predictable: generally speaking, south-westerlies follow 

cold fronts, north-westerlies follow anticyclones and precede cold fronts, 

and easterlies are ~ssociated with the southern sector of depressions 

moving along the wes t coas t of New Zealand. Of these airflows the 

southerly is the most common and its cha r acteristics are readily discer­

nible: cold and often snowy weather is a common feature with the 

precipitation often falling in the wake of cold fronts. The northerly 1 on 

the contrary, usually gives rise to less vigorous winds Jnd mild, but 

somewhat muggy, weather. 

Despite its changeability there is a certain amount of predicta-

bility in the weather . This results from the regular weather cycle over 

New Zealand taking from 6 to 10 days, during which time winds frora almost 

every corner of the compass are experienced to a greater or lesser extent 

and, likewise, weather of almost every nature. Seldom is the same weather 

experienced for more than two consecutive days so that variability is the 

keynote (Garnier, 1957). 

Its maritime position means that rainfall is substantial but not 

outstandingly high, while the fairly clear skies result in abundant 

sunshine and considerable solar radiation. All in all it has a temperate 
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Plate 4. The Upper Whakapapanui Valley. In the left foreground i s The 
Knoll, marking the point where the l eft a rm of the original Whakapapa 
Glacier bifurcated. The Whakapapanui Glacier is demarcated by the 
dotted line. 

Plate 5. View looking north-east across the Whakapapanui Glacier, with 
the outline of Pinnacle Ridge just visible in the upper left foreground. 
The Glacier is demarcated by the dotted line. 



maritime climate bordering on the region of the "roaring forties". 

Systems of Glacier Classification 

Due to its location the Wha k:apapanui is a thermally temperate 

glacier in that the pressure melting temperature of the ice is attained 

throughout the glacier during the ablation season. Geophysically it is 

also classed as temperate in that "it consists of crystalline ice formed by 

fairly rapid recrystallisation of the annual surplus of solid precipitation 

due to great quantities of fluid water" (Ahlmann, 1949). Morphologically 

it is a "cut-off" lobe of ice for it is now separated from the ice plateau 

from which it originally extended as an outlet glacier . Finally, in terms 

of both climatic and dynamic classifications it is known as dead ice. In 

the first place it is dead because it is no longer connected to a year­

round source of ice and snow, while the lack of movement within the ice, 

resulting from a complete lack of transfer of materials from a regular 

source, has accounted for its dynamically dead state. 
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PROBLEMS 

The project outline and the preparation for all the field work 

were carried out at Massey Univers ity in Palmerston North. To impl ement 

the project it was necessary to travel 225 km by road to the Top o ' the 

Bruce (1,630 m), the closest vehicle access to the glacier. A distance of 

approximately 2.8 km, and a climb of 655 m, separated the glacier from the 

Top o ' the Bruce. Most of the field work was conducted from the Ski 

Patrol Headquarters (1,752 m), although the New Zealand Alpine Club made 

their Ruapehu hut (2,006 rn) available on the l ast two occasions (see Fig .3). 

Operational logistics within the area were facilitated by chair lifts from 

the Top o' the Bruce to an e levation of 2,001 m, about 365 m east of the 

Alpine Club hut. The r ather high winds, which were funnelled through the 

Whakapapanui Valley and over The Waterfall, often made the chairs swing 

dangerously, however, and sometimes pr evented their use . This problem of 

logistics continues to be l ar gely unresolved and is one of the rnajur 

problems facing future researchers in this area . Wood (1963), from his 

experiences in the Canadian hi gh Arctic, has stipul at ed that "in the recipe 

for efficient fieldwork, the essential ingredi ent is the solution of 

logistic problems, both of access to the a rea and of operations and 

rnobili ty within it. If this ingredient is l acking or present only in 

moderation the pudding will not gall, no matter how t asteful and beneficial 

the other ingredients." 

The second major set of problems was associated with the pioneer­

ing of instruments, techniques a nd procedures associated with a project 

which was new to both the area in particular and New Zealand in general. 

The problem of introducing science into a recreational area such as the 

Tongariro National Park, which involves systematic and regular measurements 
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and recordings, brought with it a number of diff iculties . First, there was 

the problem of broken and intermitt ent da ily meteorological recordings 

resulting either from t he deployment of Park Rangers on matt er s of human 

safety, or as a r esult of broken equipment. In the ski season, time and 

l ack of personnel trained in meteorological t echni ques l ed to inconsistent 

and oft en irregul dr r ecordings of the daily weather and s now conditions . A 

more comprehens ive and synchronised progr amme of r eco rdings on the three ski 

fi elds, which f ace in three diffe r ent directions, could lea d to worthwhile 

and interesting results. A capital grant, or the training of personnel in 

techniques of gl aciology, may secure a more r egular and organised approach 

besides providing a more efficient basis for s now a nd weather reports on a ll 

three ski fi elds. 

Some of t he probl ems ass ocia t ed with the equipment have been dealt 

with in the s ection on instrumentation but two fac tors deserve at t ention. 

First, ther e we r e the long delays involved in acquiring equi pment and even 

aft er an order had been pl aced it was up to t we lve months before the equi:r>-

ment arrived. This necessit ates det a iled planni ng well in advance of t he 

inauguration of any pr o j ect. Second, ver y few of the commercially-produced 

tools f or use in gl aciology had been tes t ed in conditions a kin t o those on 

Mt Ruapehu. Initially, excavation tools, which had proven suitable for 

Antarctic conditions, we r e tried on the Whakapapanui Glacier without 

success. Tools of a sturdier and more robust nature wer e found to be 

necessary even though it usually result ed in increased weight. On the 

whole, simple and relatively unsophisticated remot e recording portable 

equipment, which is both reliable and sensitive, is required for these 

conditions. 

Acting on Park Board recommendations the writer was never alone on 

the mountain and, while it was sometimes a problem to recruit sufficient 
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personnel, on more than one occasion the writer was grateful that he was 

accompanied by experi enced trampers and/or a part-time ranger. In winter 

the continuous snow cover and the changeability of the weather often led to 

a compl ete loss of any sense of direction. In such a l andscape this can be 

particularly dangerous and the writ er advises that future resea rchers in 

this area al wc.ys undertake a r econnaissance of the a r ea before the winter, 

and that they be accompanied, whenever possible, by experienced climbers. 

Finally , finance was one of the biggest problems and the difficul­

t i es involved in acquiring a capital grant at the outset l ed to delays in 

the arrival of equipment which necessarily limited the s cope of the proj ect. 
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FIELD PROCEDURE 

May 4 - 9, 1968 

An uninitiat ed six member r econnaissance party, equipped with a 

strange assembly of tools and equipment, made a three-hour ascent to the 

glacier in perfect weather on the morning of May 5. Dry and wet bulb 

readings were taken at r egular int ervals throughout the climb and, together 

with similar watch-synchronised r ecordings at The Chateau, provided an 

opportunity to work out the environmental l apse r a te. 

Heavy snowfalls in April had l eft a fairly extensive snow cover 

above 2,000 m so that the glacier ice was obscured. Attempts to locate the 

ice and drill in some ablation stakes using a soil auger proved futile and 

complete ly ineffective . The location l at e r in the day of two meltwat er/ 

s ubs idence holes was the highlight of the trip. This enabled some micro­

meteorological measurements, using the Telemax Tel ethermometer to r ecord 

temper atures above and below the surface of the glacier . Recordings we r e 

made of the ice thickness and samples of ash we r e removed for carron-dating. 

Before l eaving, a meltwate r gauge was inserted into the side of the melt­

wate r hole. 

A cold south-e&sterly wind and accompanying mist, which sprang up 

about 3.00 p.m., discouraged further work and sent the party on the journey 

back down the mountain in pursuit of the comforts of camp . A subpolar low 

and accompanying high winds, low temperatures and driving rain, prevented 

later attempts to reach the glacier. 

September 22 - 24, 1968 

On arriving at the glacier a four-man party began work immediately 

on the excavation of two pits. Progress was slow and difficult after 

finding that snow shovels were too light and brittle for the hard icy ntvt. 
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Once below shovelling depth the one and only spade was also abandoned 

l eaving onl y i ce axes t o loosen t he nl~t and a hearth shovel to transfer 

the loosened material into a bucket, which ,vas then lifted to the top and 

empt i ed. Because of the cramped and difficult operating conditions it was 

necessary t o abandon the t op pit after a day and concentrate all our 

energi es on the remaining pit. Even with r egular changeovers by a four-man 

team, the excavation process was slow and l aborious. Eventually, after 

two days of digging (part of which was spent in cleaning out t he large 

build- up of s now which had accumul ated over ni ght), a tired and exhausted 

party had to t erminate its activities and return to Palmer ston North. 

Before l eaving, however , a f ew t emper ature r ecordings were made and dye was 

then sprinkled in the base of the pit . Metal poles we r e also inserted at 

various l evels i n the filling . 

r e- excavation at a l ater date . 

November 5 - 7, 1968 

This meant that the pit was marked for 

This was a visit by a four- man party t o make a check on the depth 

of gross accumulation. The September pits, located by means of the abla-

tion pol es , wer e re- excavated . Onl y about 25 cm of the upper most pole was 

exposed (see Pl ate 6), indicating t hat the maximum depth of gross accurnula-

tion occurred considerably later than the end of September. Repor ts f rom 

the National Park Board Rangers indicated that the maxi mum height of 

accumulation had probably occurred only a f ew days befor e the party arrived . 

Before excavations had proceeded very far the dye, which had been spr ead 

a r ound the pit top in September, was located and depth/density r ecordings 

were made in t he neve above it. One by one the r emaining ablation poles 

wer e uncover ed and before long the dye in t he bottom of the pit was exposed. 

A hand ice-boring corer was then used to determine the r emaining depth of 
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Photo: W.A. Buckman 

Plate 6. View down a neve pit excavated at the height of the gross accumu­
lation season on the Whakapapanui Glacier in late September, 1968. 
Although the hole was over 11 m deep 9 pit props were not necessary because 
of the very dense nature of the neve. 

Plate 7. "Whiteout" conditions on the Glacier, September 1968. The rime 
ice encasing the ablation stakes was formed in less than 24 hours. The 
wind-blown nature of its formation i s evidenced by the encrusting largely 
on the upper or windward side of the stakes . 
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neve. Under clear skies and slowly dropping t emper atures the party sta rt ed 

back down to camp at about 6.30 p.m., aft er s pending over eight hours on the 

glacier . 

Janua ry 18 - 19, 1969 

The prime obj ect of this trip was the insta llation of a met eoro-

logical station. Built by the writ er, the weather screen (see Plate 17) 

was essentially a wooden box l a rge enough to house a ther mohygrogra ph and 

rigid enough to withstand strong gales . Two ends of the box conta ined 

sliding metal louvres and, together with holes in the top and bottom, these 

provided the ventilation. 

thermometer was attached. 

On one of the solid wa lls a maxitm.1m/rninimum 

Finally, a cup anemometer was attached to the 

outside of the 8creen, down the side of the four-l egge~ metal frame t o which 

the screen was bolt ed. 

the ground . 

The screen s tood a little less than one metre ~bove 

A rock outcrop was found about 10 m above the glacier surface and 

about 7 or 8 m t o the west, this being the clos est snow- free area to the 

glacier. The screen was eventually secured with wire t hr eaded through r ock 

pins and a metal ring on the top of the scr een. Access to the instruments 

was by way of the louvres which could be removed on one side . 

Ma.v 11 - 17, 1969 

lation. 

The principal object of this visit was to measure the net accumu­

New snow on the glacier, varying in thickness from 10 to 30 cm, 

indicated that the 1968/9 net budget was at an end and that the 1969/70 

season had already begun (see Plate 8). The large student labour force 

undertaking field work on the glacier, as part of their course requirements, 

provided an opportunity to measure the area of the glacier, as well as 

conduct surface gradient measurements. Pits were excavated and snow cores 
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Plate 8. A pit excavated in May, 1969, showing two 
distinct horizons. The upper horizon is the first 
accumulation of the 1969/70 budget year showing only 
nev€ while the lower horizon is the firn from the 
1968/9 budget year. Bands of ice are apparent 
about half-way down this horizon . The summer sur­
face which separates the two horizons is immediately 
apparent by the discolouration resulting from water­
borne debris being washed off the slopes. It is 
this debris that becomes embedded in the ablation 
surface which facilitates the rapid melting late in 
the ablation season as a result of the greatly 
reduced surface albedo. 
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were made in many places over the glacier surface. At the s ame time micro-

Meteorological measurements were made in one pit while r egular recordings 

we r e also conducted at tho weather screen on the ridge overlooking the 

glacier. 

Once aga in a meltwater/subsidence hole wa s discovered, enabling 

further examination of dirt samples from dirt bands and the ice/rock int er-

face. The presence of dirt bands a t various depths in the glacier ice is 

probably testimony to earli er eruptions of Mt Ruapehu. 

June 26 - 28, 1969 

A visit was made to assess the ext ent and effects of the June 22 

eruption of Mt Ruapehu. Atrocious weather conditions prohibited organised 

field work and prevented an extensive appraisal of the mud and ash flow 

covering t he gl acier. Apart f rom det ermining the depth of the mud and ash 

in a f ew places, and r ecording on film the effect s of the eruption on the 

densification of the nt ve (see Plate 9), the only other evidence of value t o 

eme rge from this trip was the manifest a tion that a north-east erly blizzard 

could deposit up t o 115 cm of new snow on the glacier in only three days. 

November 25 - 28, 1969 

This was an excursion to undertake heat budge t studies . The 

three weeks preceding this trip were characterised by perfectly fine, dry 

weather. In the weekend i mmediately prior to leaving, a cold front moved 

on to the country, bringing heavy snowfalls and leaving Mt Ruapehu covered 

by a blanket of snow down to 1,800 m. In anticipation of the good weather 

that an anticyclone, migrating across the Tasman Sea on Sunday, would bring 

during the remainder of the week, a party of eight set off in a mini-bus 

loaded with expensive micro-meteo~ological equipment. Among this equiJ>­

ment, some of which had arrived only a few weeks before departure, was a 
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Plate 9. A shallow pit excavated one week after the 
June 22nd eruption of Mt Ruapehu . The eruption 
poured out mostly andesitic ash and fine mud 
suspended in hot water . From the photo it appear s 
as though this torrent of mud and ash melted a con­
siderable amount of fresh snow which percolated down 
through the neve and refroze as bands of ice. This 
is suggested by the dirty colour of these ice bands . 
Approximately 0 . 6 m below the layer of mud the neve 
is not discoloured and much less dense than the neve 
which lies immediately below the mud l ayer. 
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CSIRO net radiometer , a clockwork psychrometer 9 an instantaneous wind speed 

r ecorder, a monthly the rmograph, a r ainfall gauge and a Telemax Telether~ 

momete r, t ogether with a maxi mum/minimum thermomet er and a cup anemomet er 

for the r ecording station. 

Almost continuous cold, wet and windy weather, together wi+.h l ow 

cloud and hailstorms (on the first day), pr event ed the programme from be ing 

put into operation . Equipment was set up for a while on Novembe r 26 but 

rain and generally unpleasant conditions forc ed the abandonment of the 

station within an hour of beginning measurements . Next morning similar 

conditions we r e encount e r ed and, with an outlook of continuing cold wet 

weather, it was decided t o t er minat e the programme and move the equipment 

back t o the Al pine Club hut. When the morning of November 28 brought 

little change in the weather, it was decided to make a tri p t o the Crater 

Lake in tho hope that the weather mi ght i mprove l ate r in the day. Bad 

weather continued, h owever, forcing t he compl et e abandonment of t he project, 

for the hut had to be vacated that night. 
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INSTRUMENTATION 

Vlhile the procedural t echniques utilised in field measurement s 

have been outlined ea rli er, a more det a iled descript ion of s ome of the 

equipment utilised may be useful for future r esea rchers in this field . 

Snow Sampler 

In the initial depth/density recordings t he snow sampler was 

mere ly a bra ss alloy cylindrical tube, open at both ends, with an a r m 

attached on the outside for we i ghing purposes. It was s oon found to be 

inadequate because of the difficulty involved in extracting samples from the 

ve r y dense and compacted ne·ve . A mallet was needed to force the sampler 

into t he profile and it was rarely full when first r emoved . Two and some-

times three attempts were necessa ry before a full sample was obtained. 

This t ecbnique was not likely to enhance the accur a cy of the measurements . 

The sampl er was ful l when a knife, used to trim and even the ends of the 

sample, only just shaved the contents without r emoving any surplus. 

On later visits an i mproved version was used. In its assembled 

form this sampler was open a t one end only, whilst a lid was attached to 

the other, preventing the sample from being pushed right through. The lid 

was attached simply by pushing on and t wisting it so that two lugs engaged 

in sockets at one end of the cylinder. Screwed to the centre of the lid 

was a 6 mm diameter piece of steel and a thick brass bush was slid along 

this handle acting like a pile driver on the lid. 

For we ighing purposes an elastic band was placed around the middle 

of the cylinder, the lid was removed and a spring balance was then hooked 

into the elastic. Despite the rudimentary t echnique, this method of 

measuring the water content, which necessitated depth measurements of eaoh 

stratum, was believed to have be en as accurate or possibly even more 
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accura t e than measurements using a s pecially des igned snow sampl er, wher e a 

standard error of 3 percent was obtained by only the most proficient 

operators . 

Ice Corer 

A cor er 2.5 cm in diameter , a pproxima t el y 25 cm in l ength and of 

standard design was used in l at er at t empt s t o s et the depth of accumulation 

at various points over the glacier surface . Teet hing probl ems wer e also 

encounte r ed with this instrument. At first the corer failed to penetrate 

the neve by more than 10 or 12 cm. Added to this was the diff iculty of 

extracting the sample from the corer. This was, in spite of strategically 

placed incisions down the l ength of the tube 9 designed to a ll ow the 

insertion of an 1-shaped st eel l ever so tha t the core could be worked out. 

These probl ems wer e count er act ed aft er some experiment a tion and the bes t 

r esult s we r e obtained with t he following modifications . Firs t, the t eeth 

on t he cutting edge of t he c or er we r e set in such a way t hat the outer teet ~ 

loosened the neve while the inner t eeth cut down parallel with the inner 

edge of the corer. In t hi s way the core r was a l ways fill ed, whil e the 

slight concave surface of the inner t eeth prevent ed t he sample from s lipping 

out, but at the same time allowed for easy removal of the core. With the 

original s et t her e was a t endency for the neve, loosened by the cutting 

edge, to free ze and expand so blocking the end of the corer and pr eventing 

its easy passage down through the neve. Second, sever a l coatings of 

t eflon wer e painted on the inner surface of the corer and this helped to 

prevent the neve from free zing against the interior of the cutting edge. 

The corer was screwed down through the surface using a hand­

operat ed brace to which extension rods we r e attached . The addition of 

successive rods allowed cores to be extracted down to a depth of 10 m. 



24. 

Of the remaining instruments only a brief mention will be made of 

the Telemax Telethermornet er . This consisted merely of a control box with 

a meter calibrat ed in 16°C intervals from -20° up to +50°c, and a f eeder 

box into which all the probes and s ensors wer e f ed. As the distribution 

box, it al s o hous ed the t erminals to which the probes and sensors were 

c onnected. A selector dial on the r ecording box enabled r ecordings of 

each s ensor and probe in an almost simultane ous manner. 

Pre-t esting in the laboratory indicat ed a degree of accuracy of 

between ±o.5°c, which i s somewhat low for this type of r ecording work where 

finit e differences in t emperature a re often significant. 
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MErHODOLOGY 

Wa t er Equivalent Measurements of Gross and Net Ac cumulation 

Both the gros s and net accumulation quantities we r e det er mined 

using the me thod of pit excavation, from which sampl es of t he va rious 

accumulat ed strata wa r e extract ed using a cylindrical snow sampl er of t he 

following dimensions: di amet er 6.3 cm and depth 6.3 cm, to r epresent a 

3 volume of 200 cm... From these sampl es t he wat er equivalent of each pit was 

calcula t ed, using the following formula and me t hod : 

Mass 
Density= Volum 

Volume = Ilr2h whe r e r = 3 .15 cm (the r adius of the sampl er) and h = 6 . 3 en 

(the depth of the sampler). 

log TI ( 3 . 142 ) ::: 0 . 4971 

log r (3.15) = 0 . 4983 

log r (3.15) 0.4983 

log h (6.3) = 0.7993 

Log of Volume = 2 . 2930 

,,, ,,, 
Mass= we i ght of mat eria l, e .g . neve a t 100 gm. 

Log 100 = 2.0000 

The Density of t his neve sampl e was obtained by subtracting t he 

log of the volume from the log of the mass, thus: 

log 100 = 2.0000 (ma s s ) 

log volume = 2.2930 

= 1.7070 

The ant i-log of this figure gave the n~vt density of 0.5093 g/cm3• 

This method was r epeated throughout the pit depth to det e r mine 

the density/wat er equivalent of all the differ ent strata. The following 

calculat ion was for a 30.5 cm stratum. of neve having a density of 
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Volume of wat er depth x density 

= log 30 .5 + log 0.5093. 

Now log 30 .5 = 1.4843 

and log 0.5083 = 1. 7070 

= 1 • 1913 

The anti-log of this figure= 15.53 cm, which was the volume of wat er in 

that stra tum. 

This procedure was r e peated for each stratum which had a differ­

ing density, and the addition of the r esulting fi gur es gave the total 

specific water equivalent of each pit. Since each pit represented a 

particular area of the glacier, according to c ertain outlined charact eris­

tics , the tota l wat er equivalent of this part of the glacier was obtained 

by mult i plying the specific wa t er equival ent of each pit b,y the a r ea it 

represented 9 e .g. Pit 1, in the gros s accwnulation season, had a wate r 

equivalent depth of al~ost 7 m and was t aken as r epr esenting an area of 

2 19 9 700 m • 

The total water equivalent of the area r epr esent ed by Pit 1 

area (m2) x wa t er equivalent 
depth (m) 

= 19,700 m2 x 7 m 

= 137,800 m3. 

When the water equivalents of all the areas were added together they gave 

the total gross accumulation of the glacier. In the same manner the net 

accumulation was calculated and the difference between the two water· 

equivalent totals was the net budget. 

An alternative method was to determine the specific mass flux at 

a point on the glacier. This would have been achieved by excavating the 

gross and net accumulation pits at exactly the same spot and then by 
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calculating the water equivalent for the pit in each season . By subtract­

ing the net accumulation total from the gross accumulation total, the 

specific net flux would have been comput ed . When multiplied by the area 

which the pit r epr esent ed this would hnve given the net budget of the 

glacier . 

Areal Computations 

By a system of trial-and-error borings using an ice corer, the 

ext r emities of the glacier were located and marked with flagged poles . 

The perimeter of the glac i er was next located on a map by traversing a line 

of poles which marked off various lengths up the middle of the glacier . 

From these poles the ma rker flags at the extremities of the glacier wer e 

located by "int ersection" (effect ed through use of a com.pass) and "offset" 

(a technique involving both tape and compass) . Thus a sketch map was 

produced showing the distance between the poles on the trave rse, as well as 

the bearings from one pole to another, and the angles of the inters ections 

from these poles to the marker flags on the extremities . The glacier was 

plotted as a map and the area was then calculat ed using a planimet er. 

This course of action was necessitated by the presence of a 

continuous snow cover on the glacier from. April 10, 1968 until well into the 

summer of 1969/70. At no stage during this period was the glacier ice 

expos ed, so that the exact margins of the ice were at no time visible. 

Gradient Calculations 

The poles used in marking the traver se for the tape and compass 

measurements were placed in such a way that they marked the approximate 

extremities of uniform surface slopes. An aneroid altimeter was used to 

r ecord the altitude of these poles. The gradient of each slope was then 

calculated using the formula 
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whe r e V.I. is t he vertical interval and H.E. the horizontal equivalent. 

The diffe r ence in e l evation between the pol es was the vertical 

interval, while t he horizontal equivalent approxima t ed the surfac e di stance 

between t he pol es . When calculating t he gr adi ent as an angular measure-

ment, the error, introduced by the slope as a r esult of the substitution of 

longitudinal distance for the horizontal equiva l ent, was r emedied by 

r ecording the s ine of t he angle ma de by the slope where it met the horizon-

tal. Normally the t angent of t hi s angle would have been r ead . 

calculation procedure is outlined below. 

Vert ical distance bet ween Stake 6 (7,980 1
) and Stake 7 (7,910') 

Longitudinal distance between these stakes was 200 f t. 

- t· 200 f t l on itudina l di s t ance 
The s lo pe expr essed as a r a 1.0 = 70 ft vertical int erva l 

giving a s l ope of 1 ft up for ever y 2. 857 ft a l ong . 

70 ft Expressed as an angle this gave a gr adient of 200 ft 

= 0.3500. 

The 

70 f t. 

Normally t he tangent of t hi s figure would have given t he g r ad i ent, but in 

t hi s particular case the angl e was best r epr esented by s ine 0. 3500, 

which = 20°29' . 

Glaciothermal Measurements 

Measurements of the ambient a ir temper ature and t he depth of cold 

wave penetration wer e made by us ing a remote r ecording Telemax Tel ether-

mometer with eight sensors and three probes . The sensors were a ttached to 

the windward side of a pole at va rious int ervals above the glacier surface , 

while the probes were inserted at intervals into the vertical fac e of t he 

pit profile. This enabled synchronous measurements a t r egular time 

int ervals throughout the day, from which t emperature gradients were 

constructed. 



29. 

Not e 

All fi e ld measurements, exc ept thos e necessary for the calcu­

lation of the wat er budget, were made in British Standard Units and 

convert ed to Metric Units using standard t echniques . In all cases 

the calculations were made in British Standard Units a nd only the 

final r esults were convert ed to Metric Units, thus minimising the 

errors introduced through conversion. 

All measurements of t emper &ture, except thos e made with the 

Te l emax Tel etherrnomet er, were made in degrees Fahrenheit. 

measurements we r e made in degrees Centigrade. 

Te lemax 
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TERMS AND TECHNIQUES 

The r egi me or budget of a glacier can be measured in a number of 

different ways, the two most common methods being(a) direct measurement of 

the mass budget quantities at different points on the glacier surface using 

pits and s takes (glaciological me thod), and (b) the measurement of precipi­

tation runoff, evaporation condensation and other quantities in the 

hydrologic equation (hydrologic method) . These methods a r e often used in 

a compl ementary f ashion, especially in attempts to relate changes in t he 

mass of a glacier to its dynamic r esponses, for it enables a cross-check of 

the r esults. Whe r e only the mass budget of t he glacier has to be measured 

either one of these methods may be us ed, a lthough the data would be more 

accurate and reliable if supplementary measurements we r e made . 

Despit e the al lusion made in the titl e to the hydrological a spect 

of budget studi es, the so- called hydrologic me t hod was not employed on the 

Whakapapanui Glacier . Rathe r it was the glaciological method which was 

used . The apparent confusion of terminology r esulted from the basic 

concept of the hydrologic cycle . The hydroloeic cycl e expla ins the trans-

fer of water (as a flow r esource, through its various phases) from the 

earth's surface to the atmosphere and back to the ea rth' s surface . The 

specific flux r epr esents a measure of the gain or loss -of wate r over a 

specific time period at any one point on the 8arth's surface and, when 

measured in units of grams per cubic centimetre, it is known as the 

specific mass flux. The water equivalent mass of a glacier is not homo-

geneous as its density varies considerably from basal to uppermost layers. 

Consequently, the mass or weight of a known volume of glacial material is 

expressed relative to the weight of wat er in its unfrozen state which has a 

value of 1.0 compared with new snow which has a value of 0 .2 water 
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equiva l ent s . Ther efore , glacial hydrologic budget s tudi es r efer t o the 

actual specific mass flux at the surface of the glacier over a particula r 

period. 

Thus, while the hydrologic concept still r efers t o the mass 

f lux, it avoids confusion incurred by the us e of the t er m mass balance 

which requires that t he kind of mass be specified, i. e . whet he r it is ice 

or snow . By mass ba l ance or r egime of a gl ac i er is meant its total 

a ccumulation volume during one accumulation s eason and its t ot a l gross 

ablation volume during the following ablation season. Since a ccumulation 

is t he income and ablation is t he r emoval of snow and ice, togethe r t hey 

make up t he gl acier's balance sheet. 

The problem of t er minology i s further a ccentua t ed by the system 

of measurement of the accumulation a nd ablation pa r amet e r s . In 1968 the 

International Commi ss ion of Snow a nd Ice, i n a s er i es of Technica l Papers 

in Hydrology, singled out t wo basic systems of measurement and the 

t erminology diffe r s according to t he system used. Firs t, ther e is the 

stratigraphic s yst em which involves i dentification of a summer surface as 

t he means of de t er mining the end of the budget yea r ~ and s econd, ther e i s 

the fixed da t e system in which measurements are made r egularly on fixed 

days each year. Ir1 the forme r syst em the pa r ameters to be measur ed a r e 

the t ot a l or gross accumula tion and the gross ablation, while in the l att er 

the annual accumul at ion and annual ablation are measured. 

These are the standard syst ems of measurement but they are both 

dependent upon the existence of a firn or equilibrium line on the glacier. 

This is the line above which is the accumulation a r ea and below which is 

the ablation area, and it connects points on the glacier where the net 

balance is zero at the end of the budget year. It was earlier 

established (Introduction) that the Whakapapanui Glacier was charact erised 
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by a climat ically "dead" condition in tha t it was a "cut-off" lobe of ice 

lying we ll be low the normal snow line limit ( which is actually above the 

highest el evation on Mt Rua pehu, 2780 m). Consequently the firn line was 

currently above the summit l evel so t hat t hinning and r ecess ion cha r ~ct erised 

the ice cover of the Mt Ruapehu glac i e r s . Budget measurement s as a r esult 

would r ef er to the net ablation of snow and ice . As will be established 

later, t he 1968/9 budget yea r was exceptional in tha t the "ice-cap" nnd 

glacier s were cover ed by neve a t the end of the abla tion season. A tongue 

of firn extended to the snout of the Whakapapanui Glacier and this 

"abnormal" ext ension meant that the budget was measured in gross and net 

accumulation quantities . The consequence of these conditions was that the 

actua l firn line was never evident.£!! the glacier and t he s t anda rd budge t 

t echnique of analysing net a ccumulation and net ablation in the areas 

r espectively above and below t he firn line could not be empl oyed. 

Despit e t hese probl ems of t e r minology the s t rat i gr aphic sys t em 

was used to det e rmine the beginning and end of t he 1968/9 budget year. 

The budget yea r is defined as t hat period of time which commences when new 

nt vt accumulation exceeds the ablation of ice and/ or n/vt a nd continues to 

the close of the ablation s eason in the following year. The break between 

budget years on the Whakapapanui Glacier normally occurs in April but it i s 

a transitional period r el at ed.to the frequency of significant s torm 

activity in late autumn. The 1968/9 budget yea r, for insta nce , commenced 

on April 10, 1968 with the deposition of 2.5 m of nevi on the glacier ice 

during the vigorous uplift of air in the "Wahine" Cyclone. The yea r ended 

in late April, 1969 when light snowfalls accompanied the turbulence along 

an active cold front. 
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Terminology 

Accumulation: all the process es by which snow and ice a r e added to a 

glacier . 

Gros s a ccumulation: the maximum amount of snow and ice exis ting on the 

g l acier a t any time during the budget yea r . 

Net accumulation : the snow and i ce r ema ining at the end of the 

ablation s eason . 

Ablation : the wastage or r emova l of snow and ice . 

Gross ablation : the total amount of snow and ice consumed during the 

budge t yea r (snow and ice which is melt ed ma y percolat e down­

wards and r efr ee ze again as superimposed ice) . 

Net ablation : the total amount of snow and ice actually lost from the 

glacier during the budget yea r . 

Budget year: one compl et e accumulation and ablation s eason (not 

necessarily equa l t o one calenda r year). 

Neve: snow depos ited i n a current budge t year. 

Firn : the pr evious winter's neve obscured at the end of the ablation 

s eason by new snow deposition, to become true firn . 

Firn line: The highest position r eached by nev~ r ec es sion during the 

ablation season which r epr esent s the point on the gl acier wher e 

the net budget is zero . 
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CHAPI'ER 1 

GROSS ACCUMULATION 

35 . 

Sharp ( 1951) has aptly described accumulation a s "the life-blood 

of a glaci er" so that the accumulation s eason i s the period in the budget 

year when the glacier experi ences a net gain over loss of mass. Gross 

accumulation has been chosen as the title of this chapt er not merely 

because it contains a discussion of the ways in which the glacier builds 

up its mass , but also because the "accumulation s eason", like the 

"ablation s eason", was difficult to define in terms of time . Both 

accumulation and ablation take place continually so that one s eason 

differs f rom the other principally in the degre e to which one or other of 

these el ements wa s dominant . 

This diff iculty in defining pe riods and r el ationships within a 

period of the budget yea r highlights the bas ic problem of clima t e/ glacier 

r e lationships itself. It is a problem of both time and space and since 

they are independent variables this makes att empts to relat e e l ements of 

climat e and mas s budgets valid for a specific period in time only. The 

task of describing gross accumulation was necessarily limit ed by this 

problem to a fixed period of time, and its validity was dependent upon the 

nature and ext ent of the information available . 

The information used in this section was obtained by field 

surveys and examinations of meteorological records. Measurement of the 

spatial distribution of gross a ccumulation has been outlined in the 

Introduction. The temporal distribution of accumulation was based on 

precipitation r ecords at The Chateau Meteorological Station (1,118 m), 

approximately 10 km directly north-west of the glacier, together with 

weather reports for the Whakapapa Ski Field r ecorded at the Ski Patrol 
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Headquart ers (1,752 m), approximately 2 km from the snout of the gl acier. 

The mean environment a l lapse r a t e of o.53°c/100 m was ca lculated a nd 

employed as a rough measure of snow fr equency on the glacier. It was 

assumed that snow had fallen on the glacier when the daily mean air 

temper ature at The Chnt eau (approximately 1,168 m below the glacier) was 

7°c or l ess, and that more than 0.25 mm of r a in had be en r ecorded during 

the day. 

Problems of logistics prevented regula r daily r ecordings of the 

accumulation patt erns on the glacier. Obs ervations of the nature and 

magnitude of a ccumulation were based principally on the ana lyses of pit 

profiles ( s ee Pl:;-t te 6). Postulations on the fr equency, dur,'1tion and 

types of accumulation wer e based on two principal sources of information i 

(i) observations by Ski Patrol and Pa rk Board personnel as r ecorded in the 

Park Board Snow and Weather Reports a t the Ski Pat rol Headquarters; a nd 

(ii) the writer's own experience of the weather and snow <.: onditions while on 

excursions to the glacier. The latt er, inevitably, are rathe r qualitative. 

Sources of Accumulat ion 

Accumulation was derived from tv•o main sources which have been 

labelled primary and s econdary, but both of these can be further sub­

divided . 

1. Primary Sources 

(a) The principal source of accumulation was consider ed to be 

precipitation in the form of snow, accompanying cold fronts and unstable 

air masses . Using the system of frequency of snowfalls worked out above 

it was calculated that snow had fallen on 123 out of a possible 244 days 

during the 1968/9 accumulation s eason, i.e. about 50 percent of total days. 
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Table I gives a breakdown of frequency of snowfalls per month in the 

accumulation s eason. 

Table I 

Snowfalls in 1968/9 Budget Year 

Month Da ys 

April 1968 9 
May " 8 

June 11 17 
July " 15 

August 11 15 

Sept ember " 23 

October " 23 

November " 13 

Total 123 

September and October , with a pproximat ely 23 snow days each 9 had 

the highe s t frequenci es . The mos t s ignificant aspect of this t able , 

however , was the r el ative ly high frequency of snowfalls in November, a 

month which was usually r ega rded as the beginning of th~ ablation s eason. 

It was only when looked at in conjunction with Figures 9 to 16, however, 

that the full significance of Table I was appr ecia t ed. These figures 

illustra t ed the r ecorded daily skiable l evel and snow line for the 

V/hakapapa Ski Field, of which the Whakapapanui Glacier was a part. 

Compiled from Ski Patrol Accident and Snow Records, together with records 

from The Chateau Met eorologica l Station, these provided a useful if some­

what qualitative indication of the intensity of snowfalls in the various 

months. When Figure 16 wa s compared with the other figures, it was 

apparent that the 1968/9 winter ski season was of longer duration than any 

of the other ski s easons from 1962 onwards. In 1968 the skiable level on 
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October 28 was about 1,300 m above s ea l evel, ~, nd by the end of November 

it had r eceded to only about 1,400 m a .s.l. In all other r ecorded yea rs 

the r a t e of r eces sion of the skiable l evel had become so r api d t hat 

conditions had not warrcnt ed the continuance of a r egul a r s ki pat r ol 

s ervic e beyond t he end of October. Tho November snowfa lls , moreover, 

we r e of s uf fici ent int ens ity to have brought the snow line down t o 800 m 

or l es s on a t l eas t t wo occas ions . 

While the amount of snow r equired to r a i se thes e r espective 

snow l evel s was not measured, aft er ca r eful consider a tion of ski r eports 

the writ er believed that a pproximately 0.6 m of snow wa s r equired to 

lower the skiable l evel 30 rn from 1220 m a .s.l. to 1 , 190 m a . s .l. It wa s 

consider ed ths t s nowf alls in the order of 10 cm on eve r y second or third 

day would be neces sar y t o ma inta in the ski abl e l evel a t or nea r 1,350 m 

a . s . l . t hrough most of November. Consequently accumulation in the order 

of 6 t o 8 m mus t have exist ed ~n the gl acier t o s upport a ski abl e l evel of 

1 1,220 m. This meant that, as a r esult of the f r equency and int ensity of 

snowfa lls in November, t hat month actually had a net ga in over loss of 

mass, 

(b) Arien Deposits 

Les s significant aspects of the r egime we r e the so-called arien 

deposits, r esulting from the direct freezing or sublimation of wat e r va pour 

during mists, as rime and hoarfros t. It wa s oft en difficult to 

distinguish between the t wo a lthough hoar is "an ice-crysta l deposit 

formed by the sublimation of wa t er va pour on to a solid body a t t emper a­

tures below freezing" (A .D .T .I.C. U. S. Air Force , 1966), and a s such is 

less dens e than true rime which is defined as "an opaque ice coating on 

exposed surfaces formed by fre ezing of very small wa t e r dropl ets 
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immediately upon contact" (A.D.T.I.C. U.S. Air Force , 1966). Riming was 

found to freeze up the ventilations on the weather screen and act as a 

cement a round hollow a luminium ablc: tion poles (s ee Plate 7) which had 

be en l eft out overnight in adverse weather conditions of strong winds, 

low temper atures, low cloud and mist. On the actual snow surface a com-

bination of both hoar and rime was oft en found with the sp:,.rse leaflets 

and tufts of crystals, charact eris ing hoar, being int erspers ed with tufts 

of plate crysta ls having a more r egula r structure . Ice formed in this 

manner, as a r esult of the inter action of the two processes, wa s found to 

be l es s dens e than ice r esulting from r efree zing of meltwat er, for the 

former contained a much grea t er proportion of a ir bubbles . Rime and 

hoar, bet ween them, account ed for only a small proportion of the accumula­

tion, being confined in the main t o thin l ayers on the snow surface. 

During the cours e of the accumulation season, however, sever a l such layers 

may have existed as buried surfaces in the a ccumulation profile. 

As a r esult of the mechanisms by which they were formed, this 

combination of rime ice and hoarfrost was called s edimentary ice and its 

dens ity was found to vary between 0.815 a nd 0 .846 g/cm3 (see Figs.6 to 8). 

Ice formed as a r esult of pressure and melting was called metamorphic ice 

and, according to Hatt ersley-Smith (1963), varied in density between 0 . 84 

and 0.9170 g/cm3 • 

Conditions which favoured the formation of s edimenta ry ice 

occurred quit e frequently on Mt Ruapehu . They were best described as 

"white out" conditions (see Plate 7) and occurred in almost any season so 

long as there was a continuous snow cover . A "white out" is said to have 

existed when the sky was overcast or foggy with a rather uniform cloud 

cover occurring over parts of the mountain where there was an unbroken 
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snow cover. On occasions when the cloud cover is very low 11 incoming 

light is scatt er ed and refl ected many times causing a compl et e l ack of 

visual contrast bet ween the sky a nd snow surface . This r esults in poor 

depth perce ption, r educed visibility and an apparent lack of surface 

f eatures ." (Hicks, 1965) This condition wa s made so much the wors e by 

fog and blowing snow which r educed visibility to l ess than a metre . 

Mt Ruapehu was r enowned for its windy conditions and blizzards wer e a not 

too infrequent occurrenc e . The winds, however 9 wer e gener a lly more of a 

gusty nature than sustained gales (s ee Chapt er 3) , Owing to its position 

in a somewhat shelt er ed vall ey on the northern slopes of M:t Ruapehu (s ee 

Plate 27) 9 the glacier's r egime was considerably augment ed by wind-blown 

snow. The importance of t his shelter ed aspect to the r egime of this 

glacie r will be emphasised l a t e r. 

2. Secondary Sources 

The secondary sources of accumulation played a considerabl e role 

in the densification of the neve . Rain wa s conside r ed to have been a 

source of accumula tion as long as it had fallen on snow at sub-freezing 

temperatures for 9 like meltwater-the other s econdary source-it became 

frozen as it percolated downward. Rain accompanying south and south-

westerly airstreams, which had their origins in the polar and subpolar 

latitudes, was more likely to have augment ed the accumulation than rain 

which was associat ed with airstreams from the northerly quart ers. The 

latter, being of subhumid origin, were warmer and more likely to act as 

potential agents of ablation. Airflows from the east and south-east erly 

quarters tended to be more stable since, in passing over the land 9 most of 

their moisture had been precipitated as they were forced to rise over the 

broad mountain belt comprising the Ruahine and Kaimanawa Ranges. From 
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the writer's experienc es of thi s climate , t emperatures during the passage 

of these l att er airflows wer e usually coole r than t emper atures during 

prevailing west E: rli es, so tha t the south-east erly airstrearns wo r e more 

likely to have caused the meltwate rs to have frozen on the glacier. 

M:e ltwate r, which developed on sunny days with clear skies and/or 

with the passage of warm, mo i st a irstreams (particularly those from the 

north- west), was frozen as it percolat ed downwa rd into the mat erial 

chilled by the wint er cold wave penetration. The wint er cold wave was 

associat ed with the passage of cold fronts or, alternatively, with con-

tinued nocturnal chilling . The latt er condition aros e a s a r esult of the 

clea r nights which accompanied the migration of anticyclones across the 

country from west to east, and account ed for the icy crystalline surfaces 

in the mornings. It may also have contributed to the formation of ice 

bands and ic e pipes in the upper f ew centimetres of the snow profile . 

Ic e bands at depths be low this wer e , in most cases, buried surface melt­

surfaces, or had r esulted from the r efree zing of percolating meltwat er due 

to cold wave penetration. A r a ther weak t emperature gradient in the neve 

profile ( see Fig.28) suggested that ice bands in profil es of the gros s 

accumulation had arisen principally as buried surface meltsurfaces (see 

Plate 8). Neverthel ess, the passage of a cold front was likely to have 

caused chilling to a c ertain depth. For it to have penetrat ed 10 or 11 m 

right to the glacier ice would have r equired a particularly rapid transfer 

before dissipation of the cold wave and the r eturn to pressure-melting 

conditions • This would have been brought about by the advance of the 

weather cycle bringing improved weather conditions. A transfer of this 

t 1 ,, ; ( 6) na ure cou d have occurred in rather dens e neve see Fig. with a minimal 

amount of insulating air molecules, for it has been demonstrated by 
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Yin Chao-Yen (1966) that "the thermal diffusivity of snow is greatest 

where the snow is densest". Hence the cold air which came in contact 

with the surface may have been conducted to lower l eve ls causing the 

rapid refree zing of percolating meltwater into ice . 

The likelihood of depth hoar crystals being formed on the 

glacier was enhanced by the presence of hard snow which was quite r es is­

tant to mechanical deformation (e.g. l a ck of distortion of pit walls). 

The very large size (between 1 and 5 mm in diameter) and rounded shape of 

the crystals, which made up the neve, were believed to have favoured the 

presence of cavities and pores, wher e the water vapour neces sary for the 

formation of hoar crystals could collect. The wate r vapour could not ~ 

however, have been formed without some activating force. The presence 

of an invert ed temperature gradi ent below the 2 m level (see Fig.28) may 

in fact have been the activating force on the Whakapapanui Glaci er. The 

vapour could have developed where the t emperature was warmer and migrated 

upwards by capillary ac tion, through the cavities formed by the rounded 

crystals, into cooler regions. This proces s may have helped to account 

for the variations in the progressive increase of density with depth (see 

Fig.6). 

The presence of ice throughout the pit profiles could thus have 

been the result of one or all of three processes: (i) the deposition of 

sedimentary ice such as rime and hoar (0.825 g/cm3); (ii) the rapid 

refreezing of percolating meltwater (0.8859 g/cm3); and (iii) from the 

process of metamorphosis (0.9170 g/cm3). The ice resulting from the 

latter process-the true glacier ice-was transformed from neve through 

the procedure of firnification. 
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Association of Airflow Types with Accumulation 

A further problem concerning the analysi s of gross accumulation 

was associated with attempts to des ignat e the type of weather conditions 

during which snow was most likely to have fallen. In Chapter 2 , Part II, 

a sys t em of a irflow t ypes ass ociated with charact eristic weather patterns 

was devised, on the basis of Lamb's class ification system, for use in 

attempts to ascertain the climatic normality of the 1968/9 budget year. 

This same system has been us ed in attempts to r elat e days of snowfall to 

wea ther patterns. The four different weather types accompanying the 

airflows were as follows: 

Airflow 1-convergence of air from the SE, E, N and NE sectors of the 

compass associated with troughs or front s to the north of 

Mt Ruapehu. 

Airflow 2-convorgence of air f r om the SW, W, Sand NW clectors of t he 

compass associated with troughs or fronts to the south of 

Mt Ruapehu. 

Airflow 3-subsidence of air f rom the NW, W, Sand SW sectors of the 

compass associated with the migration of anticyclones to the 

north of Mt Ruapehu. 

Airflow 4-subs i dence of air from the N, NE, E and SE sectors, 

together with the calm air, associated with the migration of 

anticyclones to the south of Mt Ruapehu. 

These four airflow types wer e associated with snow days a s shown in 

Table II. 

Table II illustrates that Airflow 2 had the highest frequency 

of snow days with 50 percent of the occurrences, while Airflow 3, with 

only 24.4 percent, had the second highest assoeiation with snow days. 

While these two between them accounted for almost 75 percent of the. snow 

days, their actual contribution to the total accumulation on the glacier 
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could not have been indica t ed without s ome knowl edge of the int ensity of 

the s nowfa lls. This has been de&lt with in Chapt er 2, Part III. 

Table II 

Assoc i a t ion of Airflow Types with Snowf all, 1968/9 

No. of Days Pro;eortion of the 
Airflow Ty;ee with Snow Days wi t h Snow 

A1 (CSE, CE, CN, CNE ) 12 9 .8%} 61 .8%, 
A2 (csw, cw, CNW' cs ) 64 52 • af<. 

A3 (ANVv , AW , AS, ASW ) 30 24 . 4% } 
.38 . 2% 

A4 (AU, ANE, AE, ASE, A) 17 13.8% 

In the meantime it appears that orographic augment ation was mos t likely 

to have arisen from t he west erly a irstreams . Since t he south and south-

westerly airflows wer e modi f i ed maritime pola r a irs trearns with dewpoint s 

0 0 ( of bet ween 1 C and 7 C based on Shi e l ds ' obs ervations of marit i me polar 

a ir over South Aus tralia), their dewpoint s we r e l i ke l y to have been 

r eached earlier t han t hose f or a ir of subpolar mar itime or tropica l 

maritime origins. ·The subpolar maritime a ir with dewpoints of bet ween 

18°c and 24°c (according to Shiel ds , 1965) included t he nort h- westerly 

a irflows while t he tropica l maritime a ir with dewpoints of bet wee n 7°c and 

15°c included t he straight westerlies. On t hi s bas is alone t he south-

westerlies with their r ather low mois ture r etaini ng capacities a nd 

acc el er at ed dewpoints were expect ed to have contributed the great est 

overall accumulation. This did not , of course, t ake into account the 

precipitation resulting from cyclogenesis and frontogenesis. 

Densification Processes 

According to Embleton and King (1967) the transformation of 

snow to ice by firnification t akes place in three phases and the rat e and 

extent to which they operat e is important to the density of the gross 
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accumulation. Quervain (1963) has stated that the initial process is 

the compaction of ice crystals forcing them closer together so that a 

thermodynamic instability is induced which l eads to a general rounding of 

the crystals. This is +.he so- called destructive phase of metamorphism . 

The second phase is the constructive metamorphism in which there is an 

enlargement of crystals. Essentia lly it r esults from temperature and 

vapour concentrations and the resultant gradients l ead to vapour transfers 

from warm layers to colder l ayers . Finally, the third phase involves 

successive melting and r efreezing under the pressure of the snow blanket 

and it is known appropriately as melting metamorphism. 

According to Quervain (1963), ther e a r e a number of pre­

r equisite conditions which govern the operation of ea ch of t hese pha s es. 

The first stage of densification is dependent es sentially on spatia l 

factors. I n it s dri est stat e , when t emper atures are well below freezing, 

the snow crystals a r e ve r y fine and diagenes is is very slow. On the 

Wha kapa panui Glacier, whil e ther e was considerable nocturnal cooling, 

daily temper atures we r e seldom much below fr eezing point (s ee Table III) 

and, as a consequence, surface t emper atures wer e usua lly at or near 

freezing point. These conditions wer e conducive to fairly wet snow which 

greatly f acilitat ed the rounding of the snow crystals into a more granular 

texture. 

With the exceptionally large falls of snow the processes of 

packing and cohesion operated fairly rapidly so that within 24 hours of 

falling, new snow, with a density of between 0.1 and 0.3 g/cm3 (Meier, 

1964), had increased to 0.35 g/crn3• This r epresents a percentage 

increase in pressure of between 15 and 70 percent. Within 48 hours of 

falling, the snow had increa sed in pressure by a further 10 to 20 percent 
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to a densHy of between 0.40 and 0.45 g/cm3 • 

Tabl e III 

Mean Air Temperatures on the Gl ac i ar, 1968/9 

Month Mea n Temperature OC* 

April 3.4 

May 1.0 

June -1.9 

July -3.5 

August -2.0 

Sept ember -2.2 

October - 0.8 
November 1. 1 

* Temperatures were obtained from The Cha t eau Met eorologica l 
St ation and r educ ed to pa rity using the Lapse Rat e of 
0 . 53°c/100 m. 

Me t eor ological conditions other than a ir t empe r ature had some 

bearing on this initial proc ess . The number of sunshine hours was a n 

i mportant factor in surface melting and, whilst ther e we r e no figures for 

sunshine hours avail abl e, the gl ac i er ' s location on the northern adrgt 

slopes and its rather consider able aver age surface gr adient 2 of 30.5° (see 

Fig.5) meant that even in wint er the insulation was quit e conc ent r at ed and 

must have induc ed a consider able amount of surface melting (see Plat e 10). 

Moreover, the cyclic pattern of New Zealand's weather, with the high 

pressure stagnation, would have combined with the glacier's aspect to 

give a f a irly high frequency of sunshine days , even in winter. 

Ther e was considerabl e spatial va riation in a ccumulation over 

the glacier, r esulting fron two principal f actors. First was the 

topography of the glacier vall ey. The glacier occupied a s etting whereby 

it avoided the full unimpeded force of the prevailing westerly winds. A 

small spur or knoll jutting out in-to "The Gut" hindered the passage of the 
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Plate 10. View looking due north from the snout of the 
Whakapapanui Glacier. In the lower left foreground 
is The Knoll, while in the middle foreground are the 
three pinnacles of Pinnacle Ridge. The two summits 
projecting above the cloud ceiling are volcanic peaks 
which, together with Mt Ruapehu (2,797 m), make up 
the core of the Volcanic Plateau in the centre of the 
North Island of New Zealand. furtherest away is 
Mt Tongariro (1,969 m) whilst in the centre is the 
young and still very active Mt Ngauruhoe (2,291 m) 
forming an almost perfect cone. 
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wind as it was funnell ed up through "The Gut" ( see Plate 28). Such a 

phenomenon was like ly to have caused an increased accumulation on the 

upper side of t he barrier, for s tudies i n Australia have shown that depo­

s ition in the l ee of a ba rrier have been up to thre8 times gr ea t er than on 

the windward side. This meant that the gl ac i e r s t ood to ga in more mass 

than the more expos ed r egions abo ve and below it, e . g . t he Whakapapa iti 

Glacier . 
, .. 

The Whakapapa nui Glacier also was nes~t ed at the foot of t he 

south-easterly/north-westerly a ligned extremity of Restful Rocks. As 

such it was in a particularly f avourable position for the r eceipt of 

accumulation accompanying a irflows from the southern and south- east erly 

qua rt ers. Topography then appea r ed t o have been instrumenta l in the 

pres ervation of the g l acier ice . I n particuldr t he gl acier's position 

immediat el y benea t h the 15 m hi gh r ock wa ll-the east e r n fringe of 

Res tful Rocks-appea r ed to have been particula rly import ant. Also t he 

very uneven a ccumulation over the glacier surfa ce in 1968/9 was due in 

part to the higher than normal frequency of snowfalls accompanying A1 and 

A3 a irflow types associat ed with the decreas ing s i gni f icance of A2 a ir­

flows (see Table II) and l ed t o a concentration of snow in the l ee of the 

rock wall (s ee Fig .3). 

The s econd factor which contribut ed to t his spatial variatien 

was the local wind, since the prevalence of east erly and southerly winds 

had not been entire ly r esponsible for the build- up of snow on the glacier. 

In fact the deflation accompanying thes e airflow types probably contribut ed 

quite considerably to the exist ence of an "invert ed" firn line, a 

phenomenon recorded by Krenek in 1954 and 1955 . Winds blowing over the 

rim of the old crat er had, in many places, exposed the glacier ice in what 

was normally the upper accumulation area of the glacier . These winds 
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undoubtedly contributed to the ablation and ultimate r ecession downhill 

of the uppGr extremities of the original glacier . 

It was more likely to h~ve bGe n the exist ence of l ee wave/helm 

wind deposition associated with the two separat e rock outcrops, "Met. 

Station Hill" and "Rocky Cliff", which l ed to an uneven distribution of 

snow ove r the glacier . In passing ove r these rock outcrops t he wind was 

induc ed into a circular motion resulting in eddies which eventually 

dissipated depositing the wind-borne snow in the l ee of the outcrops . 

Conversely, defl ation took place on the more expos ed parts, especially in 

the topographic "funnel" created by the gap between "Met. Station Hill" 

and "Rocky Cliff" ( s ee Fig . 3) . 

The two remaining phas es of met amorphosis r elied l a rgely on 

time-dependent mec hanisms and have been dea lt with in the cha pt er on net 

accumulation . The r es t of this chapt er is devot ed to the ca lculation of 

the size of the gross accumulation. 

The Wa t er Equivalent of Gross Accumulation 

Using the procedure outlined in the methodology, the specific 

gross accumulation was ca lculat ed at two pits, a ligned a long the middle 

of the ,,alley depress ion, with the upper pit coinciding with S. 7 on 

Fig.5(a) and the lower about mid-way between S.4 and s . 5. As a result of 

their rather expos ed positions in the va lley depression the water equiva­

lent value for the gross accumulation was likely to have been quite 

conservative . The uppe r pit was assumed to have been representative of 

an area 19,690 m
2

, whilst the lower pit represented an area of 17,320 2 
m • 

This gave a total area of accumul ation of 37,280 m2 which corresponded 

with the actual area of the glacier ice . In r eality the area of gross 
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accumulation was difficult to define because the gl ac i e r occupi ed only a 

very small portion of the va lle;f which , a t the he i ght of accumulation, 

was little more than an e l onga t ed trough-shaped depr ession . Cons equently 

t he zone of gros s accumul ati on has been t aken as tha t a r ea i mmedi a t ely 

above the glacier ice . 

The density of t he neve at ea ch of t he pits was ca lcula t ed from 

I / , 
depth density r ecordings and the mean va lue of t he neve was comput ed a s 

0 .571 3 g/cm3 • The dept h of accumulation over the entire gl ac i e r 

aver aged 11 .4 m and when multi pli ed by the mean density i indica \. ed a 

mean specific gross accumul ation of 6 .8 m of wa t er. When thi s figure 

was multiplied by the entire a r ea of t he g l acier the r esult was the tota l 

3 gross accumulation of 253,000 m . 

? ootnot es 

1. This estim~t e was bas ed upon t he depth of accumulation on the gl acier 

on days when t he skiable l evel of t he Whakapapa Ski Field was a l s o 

knov;n. 

2 . The s lope of the gl acier surface va ried fro m 54°34 1 nea r t he snout 

down to 8°38 ' in t he middl e_ s ection 9 increas ing aga in to 40°33' 
before t a pering off at t he upper t er minus t o about 20° . 
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CHAPTER 2 

NEI' ACCUMULATION 

The net accumulation was t he volume of water remaining in 

storage on the glacier, as ice and neve, at the end of the budget year. 

Like the gross accumulation the actual quantity did no t mean much in 

itself. What was more important was (a) its size relative to the gross 

accumulation, and (b) the similarities and differences in the nature of 

the mass, as measured at those particular times of the budget year. 

The time that had elapsed between the measuring of the gross and 

net accumulation quantities was in the order of five to six months so that 

time dependent mechanisms were likely to have engineered the greatest 

changes in the nature and the quantity of the mass remaining at the end 

of t he budget yea r. 

Densification Processes 

Densification of the gross accumulation involved the mechanisms 

,,, / 

by which the hexagonal snow crystals were transformed into granular neve, 

largely by the temperature dependent diagenetic processes of sublimation 

(evaporation-condensation). However, diffusion and a general aggregation 

of grains-the processes which operated up to the stage of net 

accumulation-were concerned more with the growth of crystals. The 

mechanisms of readjustment and packing were also quite prevalent as a 

result of the exceptionally large gross accumulation, while melt metamor-

phism was also pronounced. The existence of meltwater permitted not only 

close paeking of graine but also filled the pore spaces forcing the air 

out as it did. 

The mediums on which the metamorphic processes were operative 
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,, / 

during the accumulation season were both snow and neve, whilst it was 

mostly neve which was present in the period between the measurement of the 

gross and net accumulation quantities. 
,, / 

Snow was generally termed neve 

when "as a result of compaction, a critical density is reached beyond 

which densification is possible only through molecular diffusion (and the 

processes which produce a) change of state" (Anderson and Benson, 1963). 

By the end of the budget year the density of the nivt ranged from 

0.60 g/cm3 at the surface to 0.76 g/cm3 in the basal layers (see Figs.? 

and 8), while in the gross accumulation profiles the densities ranged from 

only 0.35 g/cm3 in the upper layers to 0.58 g/cm3 in the basal layers 

(see Fig.6). 

Table IV 

Mean Air Temperatures, December 1968 - April 1969 

Month Mean Temperature at Glacier °C* 

December 4.56 

January 6 .12 

February 6.66 

March 4.50 

April 1.07 

* These were calculated using the mean lapse rate. 

The time period elapsing between the measurement of the gross and 

net accumulation quantities-a period of approximately five months­

coincided with the spring and summer thaw, when the densification processes 

were likely to have been accelerated by high temperatures. No month had 

a temperature less than 1°c, while the estimated lowest daily average 

temperature recorded during the whole period was -3.9°c on April 28. 1 

It was on April 9, with a temperature of -2.4°c, however, that the first 

snow for 1970 was deposited and it was followed by more snow on April 10, 
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11, 14, 17, 18 and 27. April 9, 1969 thus marked the end of the 1968/9 

budget year and the beginning of the 1969/70 budget year. 

These above-freezing temperatures were accentuated by the 

considerable elevation of the glacier (2,360 m) and its maritime mid­

latitude position, which meant that the sensible heat transfer and the 

radiative energy had induced considerable surface melting . This meltwater 

percolated downward and on refreezing liberated latent heat, part of which 

was used to dissipate the winter cold wave and part of which was used in 

recrystallisation. Although no systematic study of the crystallography 

was undertaken, grains in the upper 20 to 30 cm of neve had diameters of 

between 3 and 5 mm. Together with the high densiti~s in the basal layers, 

this indicated that the process of firnification was particularly rapid on 

the Whakapapanui Glacier. The phases of constructive and melt metamor-

phosis were obviously accelerated and intensified by the high temperatures, 

as well as the effective system of communicating pores between the large 

grains which increased the air permeability so allowing vapour transfer. 

Together these processes maintained the ntve at or near pressure melting 

point. 

Stratigraphy 

Five pit profiles for the net accumulation, in which depth was 

plotted against density, are displayed in Figures 7 and 8. A characteris­

tic feature of all the profiles was the prevalence of ice bands, 

particularly in the upper 20 to 30 cm. Ranging in thickness from 1 to 

7.5 cm these bands were often so close as to make density measurements 

extremely difficult. In such cases the neve was extracted from the pit 

face using a small cutting tool and then transferred into the sampler. 
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Whilst slight inaccuracies may have occurred as a r esult of this transfer, 

it was considered that a very close approximation was possible for the 

neve was so hard and dense that it was unlikely to be further compressed 

as a result of packing. Excavation tools needed to be particularly 

sharp and rigid to penetrate t he neve for even the upper layers wer e dense 
,, ,,, 

and brittle. Only the very upper stratum-the new season's neve-was 

less than 0.63 g/cm3• Below this the l ayers of firn gradually increased 

in density with depth though t he r ate of increase was neither uniforn nor 

regular. Irregularities occurred as a result of t he differing rat es of 

densification accompanying t he varying weather types . Under anticyclonic 

conditions surface melting was rapid during the day but the meltwater 

became frozen a t night with nocturnal chilling. The passage of warm 

fronts and troughs produced somewhat different conditions, especially if 

accompani ed by rain. Under warm humid conditions, Mayo and Pew{ ( 196.3) 

have found that rain percolates down through the firn and as it refree zes 

it releases l at ent heat which furt he r r a i ses t he t emper ature of the neve 

and this facilitates further r ecrystallisation. As a result of t he 

cloudy skies accompanying such conditions, t he heat loss at night was not 

considered to be very pronounced and t his may have prevented the degree of 

cooling necessary for the formation of ice. Thes e v~riations in the 

weather must have accounted for the differing thicknesses of the firn 

strata on the Whakapapanui Glacier. 

Two processes in particular contribut e to the gradual increase 

in density with depth. The first of these, described by Muller and 

Keeler (1969) as internal ablation, occurs as a result of the differentia l 

absorption of r adiative energy along grain boundaries and especially where 

the neve has been discoloured, for this greatly decreases the albedo with 



60. 

a concomitant increase in the absorptivity nnd transmissivity. Radiation 

of short wave length normally penetrates quite deeply into the snow 

whereas "radia tion of longe r wavelengths is almost entirely absorbed in 

the first few thousandths of an inch" (Edgar, 1966)_. Absorption of long 

wave terrE::strial r adi ation leads t o slow internal melting and as this 

r efr eezes with downwards percolation, it liberates c certain amount of 

latent heat ( when wat er changes from a liquid t o a solid it r eleases 

II . c; 80 cals/gm of water sufficient to raise the temperature by 1°c) •v 

( La Chapelle, 1959a) • The latent heat then produces more liquid which in 

turn vaporises, further f acilitating the process of crystallisation which 

forces the air out of the pores and increases the dens ity of the n6vf. 

The second important process of densification is percolating meltwater . 

The Role of Refreezing Percolating Meltwater in Neve Densification 

The importance of meltwater in the role of densification of t he 

neve can be found merely by subtracting t he average density of the net 

accumulation (0.57 g/cm3) from the average density of the gross accumula­

tion (0 . 79 g/cm3 ) . The differ ence of 0.22 g/cm3 was then e xpressed as a 

fraction of the gross accumulation to give an increase in 

density of 38.5 percent. This should have corresponded with the volume 

of water remaining in the net accumulation (77,000 m3) when expressed as a 

percentage of the gross accumulation volume of 253,000 m3 • In fact the 

result was only a 59 .6 percent reduction in volume or a net volume of 

30.4 percent, i ndicating a disparity of 8.2 percent between the net 

density and the net volume . It was qui te possible that thi s difference 

may have been the result of superimposit i on of ice on the glacier surf~cP 

This would have accounted for the reduced depth of so- called nevi 
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existing above the glacier ice, for the net accumulation average water 

equivalent depth of 2.1 m was only 30.6 percent of the gross ac cumulation 

average wat er equivalent depth cf 6.8 m. A ·.vater equivalent dept h of 

2.6 m would have been required to bring the water equivalent depth of net 

accumulation to 38.5 percent of the gross accumulation. If t his 

difference in depth of 0.54 rn were made up entirely of superimposed ice, 

it would have averaged about 0 .5 mover t he entire surface , as suming an 

average density of 0. 90 g/crn3• This amount was bound to vary over the 

glacier with va riati.ons in the surface gradient, nevertheless it did 

appear to be a rather large average depth, especially in view of the 

lateral runoff which had taken place. However, the combined effects of 

fairly dense and r elatively i mpe rmeable basal layers , together with a 

fairly low aver age surface gradient, must have acted to retard the l ater al 

runoff of me ltwater. The mechanism by which this meltwater became frozen 

as ice was very much a matte r of conjecture. It may have been formed by 

continued nocturnal chilling a s a result of the high frequency of cloud­

less skies (s ee Chapt er 4), which would have facilitat ed the convection of 

t errestria l radiation away from the glacier. Whe ther such chilling could 

have penetrated through the considerable depth of accumulation (in excess 

of 2 m) was not ascerta ined and it remains for subsequent r esearchers to 

clarify. It is possible though rather unlikely that the cold wave at the 

ice surface was not dissipated until late in the budget year, and this 

facilitated the formation of superimposed ice. The l a rge volume of 

refreezing perc9lating meltwater which had greatly contributed to the high 

densities of the basal layers was likely to have liberated sufficient 

latent heat to maintain an isothermal condition and prevent such a build-up 

of superimposed ice. Measurements are needed to confirm or refute these 
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claims. In the meantime the most acceptable solution seems to be that 

the downwa rd conduction of cold nocturnal air, together with outwards 

r adiation during anticyclonic conditions, a ccount ed for this large build­

up of superimpos ed ice . 

It is possible tha t t he measur ement s from which t he depth of ice 

was calculat ed wer e in error, although this could not discount the actual 

existence of superimposed ice , for a depth of at least 10 cm was obs erved 

around the opening of the meltwater subsidence hole . Since the boundary 

bet ween glacial ice and superimposed ice was rather transitory, it was 

difficult to establish the exact depth of superimpos ed ice, although 

superimpos ed ice generally has a much greater proportion of air bubbles 

trapped in it. 

It appea r ed, t hen, t ha t metamorphosis was r apidly progressing 

in the fi ve months from November 1968 to April 1969, during which time 

two essential mec hanisms we re dominant. First, the aggregation and 

cohesion of crystals which r esulted from constructive metamorphism , a nd 

second, t he accretion and bonding of gr a ins which eventually produced a 

material which was almost impervious to water. 2 A further examination 

of the profiles in Figures 7 and 8 showed that the basal layers had 

attained a density of a round 0.76 g/cm3, indicating tha t the process of 

firnification of snow into ice was a l most complete at the end of one 

budget year~ , , ( Any neve which survived the summer to become "firn" in the 

sense that it was the "last winter's snow") would doubtless have been 

metamorphose_d into glacier ice by the end of the following winter. This 

would result from the enormous pressure exerted by the extremely large 

gross accumulation, combined with melting and further displacement of air . 
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Glaciothermal Measurements 

The ext ent of the glaciothermal measurements is indicated by 

r ef erence to Tables V and VI, together with Figure 28. Apart from the 

two telemax r ecordings in September 1968, the remaining measurements were 

confined t o t he ends of the 1967/8 and 1968/9 seasons r e spective ly. 

Because of the paucity and limit ed ext ent of this data, the analysis was 

rather superficial. 

Table V 

Tel ernax Tel ethermometer Recordings in Me ltwater Hole 

Dateg 6 May 1968 Hours N .z .S .T . 

DeEth of 
Sensors {m} 1300 1330 1400 1430 1500 

- 9, 75* - 0.4 -0.6 -0.5 -1. 0 -1 .2 

-0.75 -1.0 -1.0 - 0.9 -0.8 -0.8 

- 0. 35 -0.6 -1.0 - 0 .8 -0.7 -0,7 

-0. 07 - 0 ,5 -0.4 - 0 ,2 -0,5 -0. 1 

+0,31 0.9 2.0 1 .8 1.0 -0.6 

+0.63 o. 1 1.6 1.0 0.4 -1. 3 

+0. 94 1. 0 1.4 0 .4 0.2 -1.4 

+1.25 0. 9 2.5 1.0 1.0 -1.5 
+1. 52 0,3 1.5 0.3 0.4 -1.7 
+1.82 o.6 1.7 0 ,3 0.8 -1.3 
+2 .15 - 0,4 1.2 1 .o 0.6 -1.3 

* Bottom of the glacier ice. The surface opening of the 
hole was approximately 1 m in . diamet er. 

In Table V the sensors in the ambient air reflect the warming 

associated with sunny conditions, up until 1400 hrs. At about this time 

cloud began to move in from the west and surround the mountain, while the 

wind freshened considerably. By 1500 hrs the weather had changed from 

fine and warm conditions to cold, windy conditions with greatly reduced 

visibility. In all the recordings, except those taken at 1500 hrs, an 



inversion was distinctly apparent in the lower a ir where a r eversal of 

t he downward trend of temperatures, above the 0 . 9 m l evel, culminated i n 

warmer temperatures at about the 1.25 m l eve l . Above this l evel the 

normal l apse rate r esumed once again . The height of this skin of warmer 

air, about 1 m a bove t he glaci er surface , was a surprising anomaly which 

was difficult to explain with the limit ed evidence available. It seer:1ed 

likely, however , that it may have been a dvect ed aloft by the undermining 

of katabatic winds at ground level. The slight inversion r ecorded in t he 

f irst 0 . 3 m above the surface, however, was more likely to have r esult ed 

f r om mol ecul ar diffusion which led t) chilling of the air immediately 

adjacent to the glacie r surface . A slight t emper ature gradient in the 

upper 0 . 75 m of the n~ve and firn, which had induced the conduction awa y 

f rom t he surface, was probably t he r esult of nocturnal chilling or the 

beginnings of the cold wave penetration, which was initia t ed in April by 

the cold southerly on the western peripher y of the "Wahine" Cyclone . 

Be ing confined to the upper metr e or so of the snowpack, it was more 

likely t o be the result of nocturnal chilli ng. This was supported by 

l ack of s i gnificant cooling at the very bottom of t he meltwater hole in 

the early afternoon, with a progressive lowering of temperatures at thi s 

level in the l ate aft ernoon , as a r esult of the circula tion of colder air 

down the hole . 

Di splayed in Tables VI to VIII ar e similar r ecordings t aken just 

over one year l ater . On the first day the relative humi dity was around 

50 per cent with ground l evel temper atures between 4.5°c and 6.o0 c, while 

the speed of the pr edominantly south-east erly wind a veraged about 

10.5 m. p . h . 
/ / The neve , as indicated by measur ements in the upper 1. 25 m, 

was isothermal and just above freez i ng . Re l ative humidities on the 



second day varied mostly between 20 and 30 percent, with wind speeds 

gusting in t he r egi on of 20 t o 30 m. p. h . Air t emperatures on t he aver age 

wer e a few points hi gher t han on May 13 and t his may have r esulted partly 

from the change in wind direction f r om south- east er ly to sout h- westerly . 

Table VI 

Tel emax Tel ether rn omet er Recordi~s in Net Accumulation Pit {0c} 
Date: 13 May 1969 Hours N . Z.S .T. 

De:eth of 
Sensor s ~r.i } .1..!A2 1200 ~ 1230 ~ 1300 .ll!.2. 1330 1345 1400 .1A!2 

- 1 .25 0 . 5 0 . 5 0 . 5 0 . 5 0 .5 0 . 5 0 . 5 0 . 5 

- 0 ,75 0 . 6 0 . 5 0.5 0 . 5 0 . 5 0 . 5 0 . 5 0 .5 

- 0.11 0 . 5 0 . 5 0 . 5 0 . 5 0 . 5 0 . 5 0 . 5 0 . 5 

+0 . 10 4 . 5 4 . 5 5 ,5 6 . 5 5 . 0 6 . 0 5 .0 6.0 

+0.25 4.9 5 . 0 6 . 0 6 . 0 5 .0 5 . 0 5 . 0 6 . 0 

+0.55 5 . 4 5.5 5 ,5 6 .0 5 . 5 5 . 0 5 .0 6 . 0 

+0.86 5 . 8 6 .0 5 . 5 6 .0 5 . 5 5 . 0 5 .0 6 . 0 

+1 . 16 5 . 8 6 . 0 5 . 5 6 . 0 5 . 5 5 .0 5 .0 6 . 0 

+2.05 6 . 3 6 . 0 6 .0 6 . 5 6,0 6.0 6 . 0 1.0 

'f:, R.H . * 36 51 55 56 63 58 44 35 49 33 

Wind Speed+ 8 15 16 11 9 

Direction SE SE SE SE SE 

* Dry and wet bulb r ecordings used in t he calculation of t he r el a tive 
humidity wer e obtained from a hand psychromet er operat ed about 1,5 rn 
above the glacier surface . 

+ The wind speed, calculat ed from a cup anemometer, allowed t he 
average for half hourly periods to be r ecorded (see Plate 17) . 

(These two footnotes apply to the f ollowing two t ables a l so . ) 

Testimony of the noctur na l chilling was apparent in t he mid­

morning neve t emper atures on May 14, with a gradual wa rming as the angle 

of incidence of the sun's rays increased later in the day . On both these 

days (13 and 14) a slight t emperature inversi on was regi s t er ed in t he 
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Table VII 

Telemax Tel ether momet er Recordi!}_gs in Net Accumulation Pit ~0 c} 
Date ~ 14 May 1969 Hours N.Z.S.T. 

De Eth of 
Sensors ~m} 1100 .ll.1.2 1130 ~ 1200 .1.ill. 1230 1-ill. 1300 

-1 .25 - 0 . 1 - 0 .1 0 0 . 1 0.2 0.3 0 .2 0.3 

- 0 .75 0 0 0 0 0.2 0.3 0.2 0.3 

- 0.11 - 0.1 0. 1 0 . 1 0.2 0.2 0.4 0.3 0.3 

+0 .1 0 5. 1 5.6 5. 9 5 .9 6.3 6.4 6.9 7.0 

+0.25 4,9 5.2 5.2 5 .9 6. 1 6.3 7. 0 7.0 

+0 .55 5.5 6.0 6.0 6.5 6.9 1.0 6.9 6.9 

+0 .86 6.3 6 . 1 6.0 6.5 6.9 7. 0 7.0 7.0 

+1.16 5. 9 6.2 6. 1 6 . 8 7.0 7. 1 7. 1 7.0 

+2.05 6.0 6 .6 6. 8 7. 1 7.8 7.8 8 .0 8.0 

% R.H.* 27 24 23 16 20 18 22 22 

Wind Speed+ 25 25 27 25 

Direction s s s s 

DeEth of 
Sensors ~m} .!.ill. 1330 ~ 1400 1.1l2. 1430 1445 1500 

-1.25 0 .3 0.3 0 .3 o. 1 0. 1 0 . 1 0 . 3 0,2 

-0.75 0.3 0. 3 0.3 o. 1 0 .1 0 .1 0 .2 0.2 

- 0 .11 0 .3 0.3 0.3 0. 1 0 .1 0 . 1 o. 1 0. 1 

+0.10 7.0 7. 1 7. 1 7. 1 7. 0 1.0 5.5 6.5 

+0.25 7,0 7. 1 7. 1 7. 1 7. 1 5.9 6.0 7. 1 

+0 .55 6.9 7.0 7.0 6.9 6 .2 6 .9 6.3 6.0 

+0.86 7.0 7.0 7. 0 7.0 6.o 7.0 7.0 7.0 

+1.1 6 7.0 7 .0 7.0 7.0 6. 9 7.0 6.9 7.0 

+2.05 7. 2 7.8 8.0 8.0 8 .0 8.0 8 .o 8.o 

% R.H.* 18 29 16 15 42 40 24 28 

Wind Speed+ 26 19 16 

Direction s s s 
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mid- morning ambient air teroperQtures. Tbis had usuclly dissipated by the 

afternoon a lthough on the afternoon of May 14 the emer gence of an e l evated 

inversion was beginning to show through a t approximately the same eleva­

tion above t he surface as it did in t he pr evious May's r ecordings. 

Table VIII 

Tel emax Telether rno~et er Recordings in Net Accumulation Pit (
0
c) 

Date: 15 May 1969 Hours N.Z.S .T. 

Depth of 
Sensors (m) 

-1.25 

- 0.75 

- 0 . 11 

+0.10 

+0 . 25 

+0 .55 

+0 . 86 

+1. 16 

+2.05 

% R.H.* 

Wind Speed+ 

Direction 

1030 1045 1100 .l.lJ.5. 1130 .l.1.15. 1200 ~ 1230 1245 1300 .Ll.12 
- 0 • 4 -0. 5 - 0 • 2 - 0. 2 - 0 . 2 - 0 . 2 -0 • 2 - 0 . 2 0 0 

-1.0 -1.0 -1.0 -1.0 - 0 .5 - 0 . 5 - 0 , 5 - 0.3 - 0 . 3 - 0 . 5 

- 2.0 - 2 . 5 -2.0 -2.0 -1.9 -2.0 - 1 . 9 -1,9 -1.8 -0.5 

3,0 2.0 3,0 2.8 2.5 2.5 2.0 3,0 2.5 2.9 

2.4 2 , 4 2 . 5 2 .0 2 .1 2 . 0 1.2 2 . 9 2 . 1 2.1 

3,0 2. 9 1.0 2.0 2.1 2.1 2.0 2.8 2 . 2 2 . 2 

2 .6 

2.6 

2 . 5 

74 

2.8 

2.9 

2 .8 

72 

13 

NE 

2 . 6 2 .0 2.1 2 . 0 2 . 0 2 .5 2 .1 2 . 2 

2.8 2 .0 2.1 2.0 1.2 2.5 2 . 1 2,3 

2.5 2 .0 2.1 2.1 2.0 2.6 2 . 2 3 ,0 

72 52 68 68 65 63 70 30 

19 20 18 21 

NE NE NE NE 

Both the nevt and the ambient a ir t emper atures on May 15 wer e 

evidence of the det erioration in the weather with the develop!lent of 

frontogenesis over the mountain in the l a t e evening of May 14. By mid-

morning of May 15 this subpolar front had migrat ed northwards a nd the 

accompanying r ainfall and perturbation had abated somewhat . The associa­

t ed sub-freezing temperatures were by this stage confined to only the 

upper few centimetres and by early afternoon this cold wave had considerably 

dissipated with a return to near isothermal conditions . Air t emperatures 
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remained fairly low, however, and this was r eflect ed in the high r el ative 

humidity . The prolonged duration of cool t emperatures, despit e the 

passing of the front, was be lieved to have resulted principally from the 

persistence of a cold north- easterly air stream accentua t ed by steady 

winds which seldom dropped below 20 m. p . h . Along with these conditions 

ther e was a return to the normal lapse rate in the ambient a i r. 

Calculation of Net Accumulation Value 

The net accumulation quantity was ca lcula ted with a f a irly high 

degree of accuracy since a tota l of five pits were used in the computa tions 

of the mean specific gravity, while seven additional net accumulation 

depths were measured using a snow corer . This meant that a much greater 

consideration was given t o spatial v&riations in the firn cove r than in 

the gross accumulat ion calculations. Such factors as gradi ent and 

differential albedo were considered in the positioning of the pits (see 

Fi gs • 3a and 5 ) • 

From the five pits the mean density of 0 . 78 g/cm3 was calculated, 

while all twelve depth recordings were used to obtain the average firn 

depth of 2.6 m. These two figures were multiplied together and provided 

the mean water equivalent depth of 2.08 m, which was the mean specific 

net a ccumulation. The total net accumulation of 76,830 m3 was obtained 

when the mean specific accumulation was multiplied by the area of the 

glacier . 



Footnotes 

1. The daily temperatures at the glacier were ca lculated using the 

lapse r a te of o.53°c/100 rn. This value was derived from recordings 

at the Ski Patrol Headquart ers ( 1 9 752 rn) in conjunction with the daily 

r ecordings at The Chat eau Meteorological Station (1,118 m) . Both of 

these stations we r e maintained by National Pa rk Rangers, but 

r ecordings at the Ski Patrol Headquart e rs wer e available for only the 

winter ski s eason. Since the daily meteorological r ecordings were 

not mandatory, the number of days on which there we r e r ecordings from 

which valid laps e r a t es could be calculat ed was rather minimal. An 

added drawback of the r esulting lapse rat e was that it had been 

calculated for only the most s ever e winter months, so that it included 

a reasonabl e number of inversions. The sum~er lapse rat e was likely 

to have been somewhat greater, as a r esult of the reduced number of 

inversions, t hough it was consider ed highly probable that maximum 

t emperatures on the glacier we r e likel y to have be en somewha t higher 

than t hose calculat ed fro m The Chat eau records . Thi s was assoc iated 

with the greatly increased insolation a t the higher e l evation. 

Garnier (1957) ha s calculat ed a summer lapse rat e for el evations 

above 610 m of 0.6°c/100 m. However, even if Garnier 1 s value was 

us ed in the calculation of air temperatures on the glacier, they 

would on the average be only 0.84°c lower than indi ca t ed. 

2. It is commonly accept ed that ntve becomes impermeable at a density of 

about 0.84 g/cm3, whil e Hatt ersley-Smith ( 1963) is of tl:.e opinion 

that the transition to ice is also conplete at this stage. 



CHAP.i'ER 3 

ABLATION 

70. 

Frequent r ef er ence has been made to the word ablation in the 

past few chapte r s but, apart from briefly indicating that it is the 

wast age of snow and i ce, no attempt has yet been made to accurately define 

it. Hubley (1963), in attempts to define ablation, states that the 

"melting of snow, ice or firn in a gl ac i er is not a process of ablation. 

Ablation is the loss of ma s s whereas melting is a change of mass from 

solid to liquid." The two, however, operate in a complementary fashion 

in that melting makes wate r avail able f or the ablation processes of 

runoff, evaporation etc. In summary, then, melting often initiates 

ablation while melting itself is caused by the energy transfer processes 

of radiation, condensation, conduction and convection. Thus it would 

appear that the mass and energy budgets are inext ricably linked and that 

consideration of the one necessarily implies consider ation of the other. 

Unfortunately few ablation season measurements were available 

s ince att empts to est ablish the r e l a tive import ance of the various heat 

transfer mechanisms i n the 1968/9 mass transf er rate were prevent ed by a 

lack of equipment. Attempts to analyse the significance of these various 

parameters through detailed and comprehensive micro-met eorology in l a t e 

November, 1969 were thwart ed by persistently adverse weather. 

Insufficient time prevented subsequent attempts to undertake these 

measurements in the 1969/70 ablation season. 

The total gross ablation of 176,300 m3 was calculat ed simply by 

subtracting the net accumulation from the gross accumulation. This 

quantity, representing 70 percent of the total gross accumulation, was the 
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net loss from the glacier in the 1968/9 budget year as well as being the 

amount of wate r which was returned to the atmosphere, either dirbctly 

through evaporation or indirectly through the process of runoff . 

According to MUlle r and Keeler (1969), these pr ocesses operate internally 

as well as on the surface of the neve and this often causes problems in 

their measurement. 

Ablation Processes 

1. Runoff 

The efficiency with which the process of late ral r emoval of 

snow and ice occurred was greatly dependent upon the state of the mediu~j 

both in t erms of its density and temperature, t ogether with the effective­

ness of the various energy transfer mechanisms in initiating melting. 

From the size of the glacial streams in the height of the accumulation 

season it appeared that runoff was likely to be one of the most signifi-

cant abl ation processes (see Plate 12). Although no stream gauging 

measurements have ever been made on these streams, the turbulence was 

itself sufficient t o suggest that the rate of removal of snow and ice, as 

water, was of quite l a rge proportions . Even in early May of the 1968/9 

and 1969/70 seasons, when the depth of accumulation of the respective 

winters was already greater than 10 cm, a fairly turbulent glacial stream 

flowed beneath the glacier ice. This stream was fed from melting at the 

ice/rock interface, together with meltwater which had percolated down 

/ / through the neve. The exi stence of caves, zig-zagging downwards to the 

bedrock in May of both 1968 and 1969, suggested that subsidence of the 

rather thin r emnant of gl acier ice probably occurred as a result of 

fracture under the weight of the overlying nlvt, as well as through basal 



Plate 12. Waterfall on 
the Upper Whakapapanui 
Stream, January 1969. 
At this level the 
stream is fed entirely 
by meltwater from the 
catchment in and 
around the Glacier 
valley. It is 
obvious that in the 
height of the ablation 
season a considerable 
volume of fast-moving 
water moves off the 
mountain eroding areas 
that were originally 
believed to have been 
occupied by the 
Glacier. This would 
account for the absence 
of depositional feat­
ures marking the limits 
of glaciation on this 
side of the mountain. 
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Plate 11. Radiation 
type troughs or rand­
klufts f ormed where the 
terrain i s very broken . 
This particular trough, 
near the waterfall on 
the Whaka papanui 
Stream, r esulted 
init ially from melting 
of t he snow lying 
immediately adjacent to 
the steep rock faces . 
As further melting of 
the snow lying above 
the waterfall took 
place , the meltwater 
percolated down between 
the ice/rock interface 
accentuating the 
lateral melting of the 
face of the compacted 
snow . 
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erosion of the ice by the underground stream . Once it had been weakened , 

surface meltwator percol ated t hr ough and enl a rged the original breakpoint. 

Er osion of new snow or of the l ess dense neve t ook place in a 

somewhat different manner. Rain and hail were part icula rly noteworthy 

abl ation agents of t hi s mat erial . They pl ayed a role which was usually 

more dramat ic than l ast ing and was most effective when t he a ir temper ature 

was above freezing and at or near dewpoint . Frequently accompani ed by 

strong if not gale- force winds, such conditions were best described as 

11s tormy11
• On t he aver age they prevailed about five or s i x times during 

the winter and f r equently about t he end of the accumul ation s eason. A 

classic example which extended from Oct ober 8 - 10, 1968 is r ec orded i n 

Figure 25, showing winter conditions on the Turoa Ski Fi eld . On the 

f irst two days a dept h of approximate l y 46 cm of snow was er oded by wa r m 

(average a ir t emperature 5°c), heo.vy ra i n f r om north t o north- wester ly 

quarter s, accompanied by winds of about 30 kts and corn snow . As a 

result the skiable level was raised f rom 1,200 m t o about 1,300 m. In 

t he following 18 hour s t here was continuous rain during which over 30 cm 

of snow was lost, r a i s ing the skiable l evel by a furthe r 70 m to a bout 

1,370 m. 

A further examination of Figure 25 suggested that moist north 

to nort h- westerly winds were particul a rly conducive t o ablati on when t he 

t emperature minimum wa s above freezing point and t he diurna l t emper a t ur e 

range was in the orde r of about 3°c . If the t emper atures dropped below 

freezing point during the evening the surface froze, preventing further 

melting by latent heat of condensation. 
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2. Wind Erosion 

A pre- r equis ite for erosion by t his met hod i s the exist ence of 

f a irly dr y powdery snow whi ch i s light a nd easily transportable . Where 

such snow fell it did not s t ay that way fo r long (see Cha pter 1), for it 

was vur y soon metamorphosed into a much more dense and l ess transport able 

medium. Observations by Park Board personne l showed that snow driven by 

wind, especially if it was t he corn or ha rd gr anul a r t ype , favoured the 

d ownhill er osion of deposited snow and , while actual blizzctrd conditi ons, 

in which this sort of erosion was at its maximum, have lasted up to two 

days, they occurred only about three or four times in a s eason. Situated 

on one of t he more exposed part s of Mt Ruapehu , the glaci er was likely to 

ha ve encount ered winds of a much great er velocity than any observed a t 

e ither the Ski Pat r ol Headquarter s or The Chateau Met eorologi ca l Sta tion . 

It was not sur pris ing tha t a consider able amount of new snow was 

lost f r om the glacie r through deflation . While winds commonly r eached a 

velocity of between 60 and 80 kts, s t eady gales we r e a r ather infrequent 

h b . d d b t th t · · t 1 
p enomenon eing r ecor e a ou r ee i mes per win er . Variable winds 

were more commonpla c e and gusts of 30 to 60 kts wer e quite a r egul ar 

f eature of t he climate. The exposed east er n s i de of the glaci a l accumula-

tion was c ontinual l y s avaged by both asc ending and descending winds with 

the l a tter be ing more dominant, especially s ince "southerly" winds were 

much mor e preva l ent. As a consequence deflation was more pronounced on 

this side and it helped account for the uneven accumulation pattern ( see 

Fig . 3a) , 

3, Mass Wasting 

While a va lanches a r e not an unknown f eature of Mt Ruapehu, f ew, 
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if any, have been observed i n the i mmedi ate vicinity of the Whakapapanui 

Gl acier. This is because (a) the t err&in was not sufficiently steep and 

br oken, and (b) metamorphism was much too rapid t o hav8 a llowed much 

internal movement of the n{ve. Slopes in excess of 40° and ve r y rough 

ground are pre- requisites for even the smallest ~ovement ( i n der Gand and 

Zuparcic, 1966) and, s ince t he t errain surrounding the gl&cier was 

generally f a irly rounded with even slopes, ther e was ha rdly any chance of 

ablation of thi s nature . Nevertheless a t ype of snow gliding did occur 

just below t he present limits of the gl acier wher e the s i des of the 

glacier valley were broken and a l most vertical in places . The presence 

/ / ( ) of s i ckle- shaped crevices in the neve see Plate 16 , which extended t o 

the base rock, were t estimony of this type of ablation. These cr evices 

a r e known as gl i de cracks and open "as a r esult of tensile failures during 

r apid gliding" ( in der Gand and Zupci.rSi~, 1966) . The y also indicat ed 

that not a ll the mel t water f r om t he gl acier finds its way into the glacier 

stream , fo r according to t he previ ous author s a "pre- requisite for 

gliding is a wet snow/earth interface formed by melting, or the intrusion 

of meltwater flowing along the ground". Thus, whilo conditions were 

favourable t o the slow creepage of dense ntve' off the glacier, t he move­

ment was i mperceptible and i t was not thought to have been of much 

consequence in t he overall ablation. 

Melting 

Quantitatively, melting appear ed to be the most significant 

el ement in the weat hering of snow and ice on the Whakapapanui Glaci er . 

Ther e a r e f our essential par ameters involved in melting and the following 

principles a r e based on a r eport by Hoinkes (1964), unless otherwise 
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stated . Figures 9 to 17 show the effects of melting on the snow l evel 

of the Mt Ruapehu Ski Fields between 1962 and 1968 . 

1. R&diative Energy 

The effectiveness of the glacier surface in the absorption of 

sol&r radicttion was influanced by t he degree of cloudiness and the a lbedo 

of the surface. A frequent comment of National Park Board Rangers, in 

describing the wint er weat her conditions on the Whak.apapa Ski Fi eld, wus 

"clear skies and visibility unlimit ed". To give soMe indica tion of the 

frequency with which fine weather occurred during the winter months, a 

table has been prepared below . 

Tabl e IX 

Days on which Weather was Described as Fine and/or Clear , 1968 

Overcast 
Days on which Fine Weather Monthly Conditions* 

Month was Recorded Total No . Da,ys 

June 9, 1 o, 12, 17, 18, 1 (record 
9 incomplet e) 

6 5 

July 2, 4, 5, 9, 12-15, 17-21 , 26- 28 16 8 

August 1 ' 6-11 , 14-16, 19-21, 26- 28 16 3 

September 3, 4, 13, 14, 19, 20, 29 , 30 8 5 
October 1 j 4, 7, 13, 28, 29 6 5 

Tota l 52 26 

* Overcast is here used to mean cloudy conditions without rain or 
snow. Sun often appeared for short periods on such days while 
snow often accompanied overcast conditions. 

Some of t he days on which fine weather was recorded were par ticu-

larly cold so that ver y little melting would have t aken pl ace. This very 

cold, fine weather, the type t hat accompani ed stable anticyclonic 

conditions, was recorded on no more than 10 percent of the days with fine 

weather . Since fine days occurred on 34 percent of the 153 days from 
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June to the end of October, the importance of r adia tion to the melting in 

winter was readily appa r ent. On many occas ions during which cloudy skies 

we r e recorded at the Ski Patrol Headq_uart er s (1,752 m) the skies above the 

g l acier, which l ay between 2,273 m and 2,424 m, were cloud fre e (see 

Plate 10). 

A furthe r 17 percent of these 153 winter days experienced over­

cast conditions in which the effectiveness of short wave r adiation was 

gr eatly r educed. However, as t he a ir temperatures r ema ined above fre ezing 

point, it was highly probable that the exi stence of a cloud cover­

especially a low- lying cloud "blanket"-prohibit ed exces sive t err ,:;strial 

radiation and gave rise to a "gr eenhouse effect" with consider abl e 

warming of the a ir ~djacent t o the gl acier surface. Conditions favourabl e 

for mel t ing by r ad i ative energy, as a r esult of the hi gh preva l enc e of 

these condi tions , were assumed to exist on no l es s than 45 per cent of t he 

wint er days . Radiative ene r gy would have been much more eff ective for 

melting in t he summer months when the mean a ir t emperatures wer e all 

above fr eezing point ( see Table XI). While the amount of sola r r ad i ation 

which was available for me lting snow and ice rema ined highly dependent on 

the t empe r ature of t he a ir i mmedia t e ly abov8 it, it would a lso have been 

affected to some extent by the as pect of the glacier, its l a titude and the 

surface albedo, according to evidenc e presented by Hoinkes (1964). 

Albedo: Gabites (1959) has ca lculated values for the amount of solar 

radiation r eaching the surface at various southern latitudes. The 

Whakapapanui Glacier was situated at approximately 40°s and from Gabit es' 

calculations this provided a very generalised solar heating rate of about 

60 cals/cm2/hr. To det ermine the effectiveness of this energy it was 

necessary to know the surface albedo (refl ectivity). This, of course, 
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varied with the stat e of the surface (see Pl at e 11). The a lbedo of new 

snow in Antarct ica i s known t o be as high as 93 percent (Hoinkes, 1964), 

while a dirty surface at the end of the ablation season on t he Gr eenland 

I ce Cap had a r eflectivity of onl y 36 pL r cent (Hoi nkes, 1964) , The 

presence of meltwater on the gl acie r surface a l so gr eatly r educes the 

albedo and,all other factors excluded, Arai (1966) has demonstrated 

that , i n controlled experiments, "the a lbedo value increases inversely 

proportional t o the density of the s now". Consequently rad i ation was 

likely to have been much mor e effective at the end of tho abla tion season 

than a t the beginning. Although ther e are large variations in albedo 

with r espect to time and locality , in the firn basin of the Fedchenko 

Glacier the annual albedo averaged 76 percent, whi ch seems to be typical 

of high snowfields of mounta in glacier s (Hoinkes , 1964) . 

Si tuated appr oximatel y 39°N and 4,900 m above sea l evel , the 

Fedchenko Gl acier was about 1,300 km from the sea . While the Whakapapa-

nui was only about 104 km from the sea and situated approximately 2,800 m 

above sea level, it qualifi ed as a hi gh mounta in glaci e r of the temper at e 

l a titudes . It was not unreasonable t o assume, t herefore, that an 

average a lbedo value s imilar t o that for t he Fedchenko would have existed 

on the Whakapapanui Glacier. On the basis of Gabites ' measurements, 

this would have meant that approximately 15 cals/cm2/hr would have been 

l eft t o s upply the outward r adiation and to have caused melting on the 

Whakapapanui Glacie r. Furthermore , from Gabites ' (1 959 ) figures the 

actual amount of sol ar r adiation available for melting increased on the 

aver age about 2 to 3 cals/cm2/hr with ever y 5° rise in t emper ature from 

- 5°C t o 10°c . Although these figures wer e only very average values 

subject to gr eat vari ations, they do show just how many variables had t o 
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be calculated in order to appreciate the effectiveness of radiation in 

melting. 

Most of the following principles of ablation are based on 

Hoinkes' (1964) publication and heat balance studies of Sorbreen (Dibben, 

1965). Whilst radiation is consider ed to be important as a source of 

heat for melting of the snow and ice, it is less important in the heat 

loss . Despite a considerabl e amount of nocturnal re-radiation under 

clear skies, both Hoinkes and Dibben have es t ablished that cooling by 

/ ,I' 

radiation involves only the upper few centimetres of the neve, whereas 

short wave insola tion usually penetrates to much greater depths. The 

principal controlling f actor in the net radiation of a glacier during the 

melting season , when radiation from the surface remains fairly constant, 

is t hought t o be the albedo. 

2 . Sensible Hea t Transfer 

Transfer of thermal ene rgy directly fr0 m the overlying a ir takes 

place by two principal mechanisms, both of which are dependent upon a 

reasonably high t e~pera ture gr adient and a consider able wind speed. 

(a) Conduction . This process is oft en referred to as turbulent heat 

transfer (Shumskii et al., 1964) when ther e is strong advecti on, or eddy 

conduction when characteris ed by perturbation. Conduction usually 

operates most successfully when ther e is a warm overriding airstream which 

is not too close to dewpoint. The northerly airstreams best fulfil these 

conditions for, having blown across the land for approximately 100 krn, 

they are generally drier than the westerly airstreams. Molecular diffu-

sion of warm air down into the nlve is greatly accelerated by atmospheric 

turbulence which removes the chilled stable air and replaces it with a 
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WHAKAPAPA SKI FIELD : WINTER SNOW LEVELS , 1968. 
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supply of warmer a ir. It was only in tho winte r, when ther e was 

sufficient cold wave penet.ration to give rise to a t emperature gradi~nt 

within the ntvt, that this process was found to be effective on the 

Vlhakapapanui for, in t he spring and summer, the nevi was isothe rmal (see 

Tables V to VIII) preventing the transfer of energy by conducti on . 

(b) Convection. Once aga in high winds arc an essential pre-reQuisite , 

but this process i s also gre&tly dependent on the per meability of the snow 

to a ir. In Chapter 2 it was established that only i n the true accumula­

tion season , when the diffusivity of t he ntv{ was Quite high, was ther e 

likely to be an effective transfer of heat f r om the air t o the gl acier ice . 

Even then, according to evidence from Hoinkes ( 1964), it is dependent on 

above freezing temper atures for, when the free air i s several degrees below 

free zing, convection t ends to cool the snow and prevent the solar heat 

which is not r eflected f r om be ing used in melting . This combination of 

conditions favourable for convective melting was usually confined to brief 

periods on the gJ.ecier in winter, before th& metl:imorphosis of new snow had 

proceeded ver y far . The existence of inverse t emperature gr adient s in 

the ambient air above the glacier surface acted to r etard convection (seG 

Table VI). 

Convective transfer of cne ~gy, on the other hand, appear ed to be 

an important source of heat loss during the evenings as indicated by the 

per sistently frozen surfaces on wint er mornings . Thes e frosty surfaces 

were thought t o have arisen when the air above the glacier cooled very 

r api dly unde r cloudless night skies . Outward transfer of energy must 

have set up strong t emperature gradi ents at the snow/air interface (see 

Tables V to VIII) l eading to the subli mation and deposition of ice 

crystals on the surface . 
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3. Lat ent Heat of Fusion 

This is heat released when ther e is a change of state , from 

either a va pour to a liquid or a liquid to a solid. Consequently, lat ent 

energy is a source of consider abl e heat in the accumulation season, wh8n 

there i s a large build-up of snow and ice . After the wint er chill has 

dissipated, however, a t emper at e glacier s e rves as a heat sink absorbing 

l at fmt hea t from its environment without any appreciable change in 

t emperature. Much of this heat is used in the melt of snow and ice . 

Condensation was probably the most significant supplier of 

l a t ent heat. The tropical ma ritime a irst r eams from the north-east, east 

and north-west, with dewpoints of between 18° and 24°c (Shields, 1965), 

would have had a much great er specific heat than dry polar maritime ai r­

streams from the south and henc e hdve a much great er melting capac i ty . 

The general mechanism considered to appl y under thes e conditions i s that 

when the airstreams come in conta ct with the cold gl ac i er surface, they 

a r e oft en chilled to dewpo int so thnt the water vapour condenses on to the 

surfac e , with a concomitant r el ease of l at ent heat. La Chapelle (1959) 

has ca lculated tha t fo r every gram of wat 8r condens ed on to the surface, 

600 cals of energy is liber at ed , sufficient, in fact, to melt 7.5 gm of 

ice or snow at o0 c. This process was prolonged when atmospheric turbu-

l ence r enewed the supply of moist air to the glacier surface. 

Rain i s a much l ess effective method of energy transfer, 

e.specially when it falls on to an isothermal snowpack, for the abs ence of 

the freezing process means ther e is very little r elease of l a t ent heat. 

In fact at 10°C rain has a hea t cont ent sufficient only to melt about 3 mm 

of ice. By the same token the contribution of evaporation to the energy 

transfer is only very slight, for it requires 680 cals of energy to 
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evaporate 1 gm of ice at o0 c, compa r ed with only 80 cals needed to melt 

the same amount (La Chapelle , 1959a ). Only when the r el ative humidity 

of air is s o low that when in contact with the snow it does not reach dew-

point, is there any s i gnificant eva pora tion. Even in Greenland, wher 6 it 

is proportionat ely a most significant factor in the ablation, it accounts 

for only 2.5 perc ent of the wastage. 

Relative Significa nce of Hea t Trans f er Mechanisms 

The eff ectivenes s of t he t wo heat tra nsfe r mechanisms decreased 

with increas ing a ltitude (due to the t emper ature l aps e r at e ) and with 

cont inenta li ty. This limit s the rol e of these components s ince the ocean 

is the source of wa r mth and mois ture . The i mportance of net radiation, 

however, increas es with alt itude and l atitude . The same can be sa i d of 

evapor ation , while ther e i s general agr eement with Ahlmann 's statement of 

1953, that "t he grea t er t he e l evation t he grea t er the r eduction in convec-

tion and condensation in contributing toward ablation". Cons equently, in 

summer the r ad i ative transfe r s should be the most effective on the 

Whakapc.panui Glacier with its hi gh el evation (above 2,273 m), t emper at e 

latitude (39°17 1 S ) <> nd inland loca tion (1 04 km from the s ea ). 

The pattern of ablation on the gl acier appea r ed to emphasise the 

radiation fluctuations associated with significant va riations in the 

albedo of the nt ve surface (s ee Pl ates 13 and 14) . For exampl e , a blation 

was more eff ective on the east e rn margins of the glacier wher e the dirt 

deposition (and abso rption of sol a r r adiation) was much more preval ent 

compared with the western peripheral zones . The east ern valley s i des 

were composed of unconsolidated material which was r eadily transport ed by 

runoff from melting snow and rain wash . The asymmet rical valley profil e 



Photo: L.O . Krenek 

Plate 13 . The Upper Whaka papanui Glacier, Easte r 1956. The terraced-like 
surface is a result of differentia l ablation caus ed by the appearance of 
volcanic ash which was deposited during an earlier eruption of Mt Ruapehu 
in 1945, and possibly even from eruptions of Mt Ngauruhoe in 1949 and 
1954. In most places this ash laye r appea r s to have been less than the 
critical thickness of three decimeters so that the abl ation has been 
accelerated on most of the ash-cover ed portions 9 giving rise to troughs 
between the uncover ed ridges. Cones have formed where the layer of a sh 
exceeded the critica l depth of three decimeter s and ha s acted instead as 
a protective cap reducing the amount of ablation through r adiation. 

Plate 14. A dirt cone on the Whakapapa.nui Glacier, March 1969. Much lar­
ger than the cones shown in Plate 13, this dirt cone is believed to be of 
fluvial origin. It probably formed as a result of water-borne debris 
percolating down a meltwater hole in the gross accumulation surface, and 
then refreezing with the debris still in suspension. As some of this 
frozen mound has melted it has washed away some of the debris which has 
been deposited lower down on the Glacier in an uneven manner . This has 
led to a ridge-and-depression topography as a result of the differential 
albedo of the surface . 



Pl~te 15 . A close-up view of the dirt cone shown in Plate 14 . 
covering has been scraped off in pl a ces exposing the ice . 

) 
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The dirt 

Plate 16 . Glide cracks below the Glacier snout, January 1969 . These 
sickle- shaped crevices in the snow cover result from tensile failures 
during downhill gliding of the entire snow cover . Gliding can only take 
place where there is a wet basal layer of snow, but the movement is 
generally imperceptible . Once the cracks have formed, the intrusion of 
meltwater makes them an avalanche danger. Most of these cracks appear 
wher e the underlying terrain is broken and very uneven, which is 
presently below the limits of the Glacier. 



t ended to concentrate the runoff over the east ern periphery of the 

gl acier 9 which wa s subsequently covered with a layer of debris early in 

the abl a tion s eason. When the dirt depos ition wa s l ess than 3 decimetres 

thick, t he surface albedo was r educed consider ably and more insolation was 

abs orbed f rom the n~v~ than on the debris-free surface (s ee Pl a t e 14). 

It should be not ed (Plat e 15 ) tha t when the debris cov E:r exc eeded this 

critical thickness 9 it acted as an insulator and r educ ed the amount of 

insol ation absorbed by the n~vt surface. The volcanic eruption of June 

22 9 1969 caused a thick layer of mud and ash to be deposited on the centre 

of the glacier f rom the uppermos t r eaches to the snout, as part of the 

1969 gross accumul ation. Howe ve r 9 it could be expos ed by ablation in the 

1969/70 s umme r s eason and , because of it s t hickness (see Pl a t e 9 )9 would 

insula t e the central r ea ches and reta r d ablation. A subsequent visit t o 

the gl acier in Ma rch 1970 showed t hat a ridge of mfv{ with a prot ective 

mud ca pping deve l oped on the cent r e of the glacier 9 whil e the dust coating 

on the peripheral a r eas was thin enough t o acceler at e ablation. The 

discharge of meltwat er transport ed some of the mud off the gl acier surface 

but not befor e t he differ entia l ablation r a t e had operat ed for s ome time . 

The va r ying dirt deposition over the glacie r surface influenced 

the transfer of r ad i ative energy on the eastern ma~gins and this was 

r efl ected in the micro ridge-depression topography ove r the glacier 

surface. The crests we r e 60 cm higher than the floor of the depressions 

and represented parts of the glacier where the dirt insulat ed the under-

1 
. / / 

ying neve. In comparison, the west ern periphery was comparatively free 

of debris and the glacier surface was more uniform. 
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Footnot e 

1 • These figures were bas ed on an an.,lysis of the l ast seve n years of 

the winter weathe r r e ports for the Whakapapa Ski Fie ld 9 pro pared by 

the Tongariro National Park Board . 



CHAPI'ER 4 

NET BUDGETS 

91. 

While the major cons ideration of this thesis has been the 

hydrological or mass budget, because of the r el dtionship between mass and 

energy the energy budget will a l so be ca lculated. 

Energy Budge t 

Most of the energy transfer on the Whakapapanui Glacier was of 

thermal origin in that it came from extra-t e rrestridl sources, the sun 

and the t ropos phere . Such energy exchange took pl ace at the surface of 

the gl ac i er by the med iums of long and short wave and t errestrial r adi a­

tion. Anothe r possibl e source coul d have been kinetic energy r esulting 

f r om movement of the glacie r al ong the basal r ock (frictional energy) or 

f rom expansion or c ont r acti on cf the pe riphery of the gl aci er. 

La Chapelle (1959) r ec ognised the exi stenc e of such an energy suppl y on 

t he Blue Glacier in Washingt on . Generat ed from below thi s was said to 

be a source of t erre s trial energy . Since the Whakapapanui Glacier had 

remained in a f a irly stagnant s t ate fo r some ye~ rs, thi s kind of energy 

was not likely t o have been of much significance in the overall energy 

budget. Although the gl acier was in a potentia lly active state a t the 

end of the 1968/9 season with its strong positive budget , a negative 

budget in 1969/70 complet ely nullifi ed any movement in this year. 

Potential energy which resulted from the glacier's position on the side 

of Mt Ruapehu was likely t o have been of some consequence in the heat loss 

for it was propagated through water. Since rneltwater runoff was quite 

considerable, potential energy was likely to have amounted to the second 

most important hea t source. A weather screen (s ee Plat e 17) wa s 
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Plate 17. Meteorological Station at altitude 2 , 362 m on 
the ridge to the west of the Whakapapanui Gl acier . 
The screen does not conform to t he standard design of 
the Stevenson Screen, there being less ventilation in 
this home- made version, and consequently the 
temperatures on the average were about 1°c higher, the 
difference va rying according to a graduated scale . 
Without air transport to carry in standard equipnent, 
however, it was necessary t o build a screen of propor­
tions which would make it easily transportable in a 
car and eas ily carried on one's shoulders, whilst 
mainta ining most of the qualities of the Stevenson 
Screen . It is impossible t o maintain a per manent 
meteorological station directly on the Glacier because 
of the tremendous depth of accumulation in the wi nter . 
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installed to aid in the measurement of the heat budget (micro-meteorology), 

but unsatisfactory operdtional logistics thwarted this attempt . 

These conclusions point to the fact that the energy gain of a 

glacier was r elat ed to the change of st&te of water during the ablation 

season . While the ac cumulation season l ed t o an energy deficit the 

ablation seaso n 1 with r educed a lbedo, l ed to an energy ga in. Like the 

mass budget the net budget greatly depended on the net loss or gain of 

energy during the ablation season. 

has been calculated, 

On this basis the 1968/9 heat budget 

The equation for calculating the heat budget from the mass 

budget is shown below g 

flE = -kf:im (La Cha pelle , 19593.) 

where k, the heat of fusion, is a constant 80 cals of energy. 

From this equation, whe re the specific gross mass accumulati~n 

equalled 6.79 m of water, the mea n specific energy loss for the 1968/9 

budget year wasg 

6,E = -679 g/cm2 x 80 cals/gm 

= -5-43 x 104 cals . 

By the same token the specific mass ablation equalled 4.71 m of 

water and the mea n specific energy gain was: 

~E = 471 g/cm2 
x 80 cals/gm 

= 3,76 x 104 cals/cm2 • 

As a consequence there was a total energy deficit for the year · of 

3,76 x 104 cals/cm2 - (-5,43 x 104 cals/gm2 ) 

= -1.66 x 104 cals/gm2 • 

This gave a total energy budget for the 1968/9 year of 

1.66 x area of glacier 
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/ 
2 2 

= 1.66 cals cm x 37,275 m 

-6.2 x 102 cals . 

Hydrological Net Budget (Mass Budget) 

In the 1968/9 hydrological year on the Whakapapanui Glacier 

there was a net accumulation of 76,800 m3 water . This figur e also 

r epr esent ed the net budget of the glac i er since it was the amount of wat e r 

remaining on the glaci er immediately prior to the 1969/70 accumulation 

season. The net ablation, on the other hand , was the estimated t ota l of 

176,300 rn3 water. This quantity was not measured- it was simply calcu-

lated as the difference bet ween the gross accumulation total of 253,000 rn3 

water and the net accumulat i on quantity of 76,800 m3 wat er . 

A positive budget therefore characterised the glacier for the 

budget yea r under r eview, and this was the first significant net gain of 

material in at least 15 yea r s. With an energy deficit of 6. 2 x 1012 cals 

for the 1968/9 budget year and a net ga i n of 76,800 m3 water, this meant, 

therefore, that for ever y cubic metre net gain of water by the gl acier 

there had been an average heat loss to the atmospher e of appr oximately 

1.2 x 109 cals . 

Conclusion 

As Meier (1965) has concluded, it i s because glaci ers and 

climat e ar e essentially consequences of energy and mass exchanges between 

the sur face and the atmosphere that ther e i s a definite relationship 

between the t wo . That they are not relat ed in a simple oause and effect 

manner on the Whakapapanui Glacier appeared to be the result of other 

considerations such as relief and the state of the glaci er itself, for 

these factors in determining the supply of non-thermal ene rgy introduced 

other variables into the climat e/ gla'cier relationship. 
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CHAPTER 1 

UORMALITY OF THE WHAKAPAPANUI GLACIER, 1968/9, 

IN TEEMS OF GLACIER BEHAVIOUR 

96. 

In order to compare the 1968/9 budget with past trends of 

glacial behaviour on Mt Ruapehu, it is convenient, at this stage, to 

examine the glacier largely from the point of view of its temporal 

charact eristics leaving detailed consideration of its r el ation to the 

wider spatial pattern for a later chapter. 

Glacial Periods 

While it is generally agreed (Gage, 1965) that New Zealand has 

experienced at least four and possibly six major glacial periods 

distributed throughout the Pleistocene period, the maximum glaciation was 

thought to have occurred in the early or mid-Pleistocene, while "tl,e last 

three glaciations (Porika, Waimaunga and Otira successively) were without 

doubt major events" (Gage and Suggate, 1958). These glacial periods 

were held to be in fairly close ~greement with similar events in other 

countries, in fact Gage ( 1965) goes so far as to say that "examples of 

sequences from different geographical situations show a generally accor­

dant pattern of glacial events, regardless of correlation, throughout 

most or all of the Pleistocene". The same author recognises, however, 

that the general accordance of glacial sequences throughout the world does 

not necessarily imply that climatic variations were in fact synchronous, 

but believes instead that such a condition was only likely to have 

occurred "for a small fraction of late Pleistocene time" (Gage, 1965). 

This meant, in effect, that the Otiran Glaciation was likely to have 

occurred between 37,000 and 32,000 years ago with renew~d advances 
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possibly as l a t e as 14,500 years ago (Fair, 1968) over all New Zealand, 

with similar occurrences throughout the world. Since the synchronous 

climatic variations applied equally as well to the int er-glacial periods 

of climatic optimum conditions, the practice of drawing on world-wide 

examples to substantia t e evidenc e of glacial variations in New Zealand 

between 30,000 and 10,000 yea rs ago, did not therefore viola t e any 

established principles of glacial chronology. In the l as t 10,000 years, 

however, we can at best draw only on other exampl es in the Southern 

Hemisphe r e to substantiate loca l glacier variations. 

According to O'Shea (1954) the present glaciers on Mt Ruapehu 

may have form ed as a r esult of an "ice age " some 4,000 yea rs ago . 

Several other writ er s have attempt ed t o assess the onset of this l ast 

"ice age" . In the United States bo t anica l methods a r e being used ext en­

sively to assess its approximate limits. One method utilises the 

approximate time taken for certain plant species to r e- establish them­

s elves after an ice age and, fro m the growth rings in the trunks of some 

s pecies and the life cycles of others, it is possible to determine the 

limits of the va rious ice ages. A botanist at Cant erbury University , 

Dr C. Burrows , bas employed the technique of lichen-dating, in which the 

maximum diamete rs of the lichen tballi which encrust rocks, a r e measured, 

and from it has been able to s et the limits of the ice ages in the 

Canterbury region. On the whole be has found loca l evidence to support 

Gage'~ postula tion and from these he estimated that the oldest glacier 

advance, one of considerable magnitude and extent, ended about 15,000 

years before the present (B.P.). Subsequent advances have apparently 

not always manifested themselves in the same way with considerable varia­

tions in glaciers lying in close proximity to one another, for example the 
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Mueller and Tasman Glaciers which are only four miles apart have not 

a lways displayed synchronous behaviour. Differing aspects may r einforce 

trends on one gl acier a nd mitigate the same trends on another, in which 

case it was quite possible tha t the g l aciers on Mt Ruapehu have not a lways 

displayed like behaviour . Burrows (per s . comm .) be~ieves that another 

advance took pl ace about 9,520 yea rs B.P. with like l y further advances at 

about 2 , 000 yea r interva ls until appr oximate l y 2,000 yea r s B. P. Much 

more precise and accur at e evidence is available for the l ast 2,000 years . 

Mor a ines nea r the Camer on Glacier in Canterbury have been 

lichen- da t ed at 1580 , 1645 a nd 1670 years A,D. respectively (pers . comm. ) 

whilst outwash moraine was c14 dat ed at 1413 A.D. A further minor 

advance bus been lichen- dat ed at 1750 A.D. whilst even more recent 

advances r ecorded i n historical r ecords and substantiat ed by lichen­

dat ing have been set at 1750, 1890 and 1920 A.D. respect ively . 

Age of Glacier s on Mt Ruapehu 

It seems then that the minor advances in the last 1,000 to 300 

years have been both irregul ur and localised with oons i derabl e disharmony 

in both r ange and extent . This makes it very difficult to postulate 

from one ar ea to another without fi r st having undertaken some amount of 

f i eld study in the a r ea concerned. Nevertheless, in a conservative 

estimate , Burrows maintains that the ice in the Whakapapanui Glacier 

11would be no older than a few hundr ed years" ( pers. comm . ) which is 

considerably within O' Shea 's estimate . Attempts t o c onfirm these dates, 

thr ough the t echnique of r adio-ca rbon dating of ash debris s amples 

extracted f r om the ice/rock interface of the Whakapapanui Glacier, have 

proved unsuccessful since the samples conta ined insufficient ca rbonaceous 
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mat erial, but consisted l a rgely of andesitic ash. 

Other Methods of Glacier Dating 

Another r ecent investigator in this fi eld is D.B. Lawrence. 

In a pape r entitl ed "Recent Va riations in Glaciers and Closed-Basin Lakes, 

Indica tors of Climatic Change'' (1969), Lawr ence att empted to establish a 

rela tionship between the levels of closed-basin l akes (for example Lakes 

Rotornuhana , Rotorua and Rotoiti) and glacier behaviour . From the 

results he postulated the a pproximat e times of the major climatic changes 

in New Zealand. In his studies to dat e , the author has established that 

the l akes in the Rotorua area ros e to drown Maori villages on their 

shores some time between 1715 and 1790 A.D . concurrently with the growth 

of glaciers to maximum size in the South Island of New Zea l and. This 

me thod impl i es that the lowe ring of closed-bas in l akes and glacier 

advances a r e similar consequences of a common cause; namely, energy and 

mass exchange bet ween the a tmospher e and the surface . Being more 

sensitive to changes in the precipitation/evaporation r egime , the r esponses 

of closed-bas in l akes to climatic changes are likely to precede the 

respons e of glaciers and hence may act a s indicators of subsequent changes 

in glaciers. 

Through dendrochronologica l studies in the South Island, 

supported by similar studies on the glaciers in the southern Andes of 

South America, Lawrence has set the limits of maximum glacier advance in 

New Zealand between 1600 and 1750 A.D. In the succeeding two centuries, 

however, the glaciers were charact erised by drastic recession (as was the 

case in the Northern Hemisphere). It is only since the late nineteenth 

century, however, that anything has been written about the glaciers of 
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Mt Ruapebu in particular. Friedlander (1 898), writing on the formation 

of Mt Ruapebu's summit, described it a s "a vast oblong almost l eve l plain 

cover ed with neve". This would t end to s uggest t hat the summit wa s 

cover ed by neve throughout the yea r , a lthough he gives no evidence to 

support thi s sta t ement. On the ba sis of this as sumption it s eems likely 

that the firn line at the end of the ninet eenth century wa s below the 

summit of t he mountain (2 , 796 m). Not until the 1950s wa s further 

mat erial writt en on the stut e of Mt Ruapehu's glaciers. 

Behaviour of Glaciers on Mt Ruapehu 

In describing the Tangiwai disast er of Christmas eve , 1953, 

O' Shea ( 1954) r ef erred to t he Whakapapanui Glacier as "a r emnant of the 

Whakapapa Glacier, one of the s ix origina l gl acier t ongues which ext ended 

from t he ice fi eld". This was the firs t evide nce to sugges t that gl acier 

melt had t aken pl a ce on Mt Rua pehu. Krenek (1 959), writing on the 

condition of the glaciers on Mt Rua pehu in 1955, wu s the firs t to 

establish any trends in gl acie r behaviour. Bet ween 1941 and 1954 he wa s 

able to measure the r etrea t of the Wha ngaehu Glacier as approximately 

120 m with a consequent loss in a r ea of about 7.2 acres (1.8 ha .). On 

all the glaciers except the Whaka papa, morainic evidence was apparent, 

suggesting that all five glaciers had r etreat ed consider ably from their 

original ext ent (Krenek, 1959). This evidence was particularly notice­

able on the Mangaehuehu, the southern f acing glacier, while on the others 

it was apparent to a l esser extent. Krenek attributed this complete 

lack of moraine along the Whakapapa Glacier to its somewhat irregular 

basin shape. Unlike the normal glacier valley, this valley was asym-

metrical with only the rim of the crater to mark its eastern edge and 
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rather low walls forming its western extremity (see Plat e 27). Only 

near what was thought to have been its original terminus were there 

obstructions of sufficient magnitude to have allowed the forrnaticn of 

t erminal moraine, which must since have been obliter ated by the runoff 

and glacier meltwat er stream . 

By comparing the rnorainic evidence on Mt Ruapehu with similar 

evidence in South Island glacier basins, Krenek believed that the 

moraines on Mt Ruapehu we r e probably formed as ea rly as the mid­

eighteenth or as late as the end of the nineteenth century, the actual 

time being conditional upon the individual glacier fluctuations . Whilst 

the rat e of recession of the individual glaciers had obviously varied 

considerably (Krenek, 1959), they had all suffered some r ecession (see 

Plate 21) though to varying ext ents, and it appeared like ly that this 

trend continued right up until the mid-1930s. Since then there has been 

much more reliabl e evidence , documenting the r a t e of r etreat of the 

individual glaciers (see Plate 18) and, in particular, the Whakapapa 

Glacier since it was the most accessible of all the glaciers. 

In the 25 years from the early 1930s up until the mid-1950s, 

the Whakapapa Glacier 11was more or less stationa ry •• • • There were minor 

fluctuations but no major r etreat up to 1955 . 11 (Krenek, 1959) It 

appears that 1955 marked the turning point in the behaviour of the 

Whakapapa Glacier, since its initial recession in the ninet_eenth and 

early twentieth centuries (see Plates 19 and 20). Since 1952 the 

measurement of the rate of recession has been carried out by Krenek, from 

1954 to 1958, and Heine, from 1960. Whilst both writers initially based 

their observations on successive photographs taken each year from fixed 

rock cairns, they have subsequently supplemented these r ecords with 
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Photoi R.N.Z,A.F., Ohakea 

Plate 18. Aerial view of the Wahianoa Glacier on the 
south-east erly slopes of Mt Ruapehu, 1947, This 
Glacier, like the glaciers on the south-facing slopes, 
has in general a much steeper surface gradient than 
those on the northern slopes. Clinging almost 
tenaciously to the rim of the Crater Lake, shown 
emitting steam almost two years aft er the 1945 erup­
tion, the Wahianoa Glacier displays a very crevassed 
surface which usually indicates motion of either an 
advancing or recessional nature. It is impossible 
to establish which of these conditions the Glacier 
displays, however, without instrumental measurements. 
Thus isolated photographs such as this, unaccompanied 
by actual measurements, cannot on their own be used 
to support theories of advance or retreat. Never­
theless, the extensively crevassed surface not only 
at the snout but over most of the surface is 
probably a result of a period of shrinkage prior to 
and perhaps during the yea r in which the photo was 
taken. 
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Photo: L.O. Krenek 

Plate 19 . The eastern section of the Whakapapa Glacier (now the Whakapapa­
nui), Summer 1954, showing The Knoll in the middle foreground . It is at 
this point that the bifurcation of the lower terminus of the Glacier t akes 
place . An examination of the morphology of the a r ea indicates that the 
weste rn arm probably extended originall y down as far as Delta Corner where 
it in turn branched, with one fork veering west down what is now the upper 
Waikare Stream, while the other fork followed the present course of t he 
upper Whakapapanui Stream down beyond The Gut. Both these extensions of 
the western arm are believed to have extended at least as far down as the 
present waterfalls (1,985 m and 1,906 m respectively) on the two streams 
and it seems quite likely that ice falls may have allowed the extension of 
the glacier ice down into The Amphitheatre on one side and on to an a rea 
now lmown to skiers as "The Staircase" on the other. Meanwhile the 
eastern arm which branched off from the main trunk at The Knoll is likely 
to have continued only a short distance before ending in a steep drop into 
Te Heu Heu Vall ey . 

Photo: L.O . Krenek 

Plate 20 . The Lower Wbakapapa Glacier, March 1955, after a particularly 
severe ablation season in which the Glacier shrunk, lengthwise, by over 
200 m. A close examination of the snout shows that the glacier ice is 
qui te thick, though randklufts are already apparent along the western 
margi n. 
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measurements of a more empirical nature. 

Measurements from rock cairns revealed that the snout of the 

Whakapapanui Glacier was r e latively stationary from 1952-54 with possibly 

an overall advance of 2 m. In 1955 when the glacier was a little over 

1. 7 km. long it experienced recession of quite fantastic proportions . 

Ey the end of the 1954/5 budget year the snout of the glacier had receded 

94 m, l eaving the glacier only 1.52 km in l ength on March 9, 1955 (see 

Plate 22) . In 1955/6 and 1956/7, with r ecessions of 65 m and 6 m 

respectively, the glacier had shrunk by quite a considerable amount . 

Length, however, is only one dimension and Krenek showed that r eductions 

in areal extent and thickness of the glacial ice were even more r emarkable . 

Shrinkage in width was evidenced by the "wide r andklufts (radiation 

troughs)" (Krenek, 1959) separating the m,ngins of the glacie r ice from 

the rock shoulders on either side (see Plate 20) . Vertical downwasting 

in 1954/5 alone was equivalent to about 10 mover the entire glacier 

surface which is equal in magnitude to "16 years of downwasting in the 

European Alps" ( Krenek, 1959). It was quite clear from the very 

crevassed nature of its surface that the Whakapapa Glacier was no longer 

being fed from the permanent ice field surrounding the c rater Lake and 

that it was instead rapidly becoming a 'but- off'' lobe of ice . 

In 1955 aerial photographs of the Whakapapa Glacier revealed 

that it had been split into two distinct parts: the east ern portion or 

Whakapapanui and the western portion or Whakapapai ti (see Plate 22). 

Alt hough these wer e originally mi snomers (see Plate 19) with the Whaka­

papaiti being the larger of the two , t he names have subsequently proven 

t o be most appropriate for the Whakapapaiti is now r eputedly the smaller 

of the two. Both, however, are regarded as "dead ice" in that they are 
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Photo: L.O. Krenek 

Plate 21 . The Mangaturuturu Glacier on the western slopes of Mt Ruapehu . 
Taken in 1955, the photo shows a considerably crevassed surface which 
suggests that this Glacier, like the Whakapapa, was in a state of shrink­
age at this time. 

Plate 22. The Whakapapanui 
Glacier, March 9, 1955, 
showing the divide (the 
northern extremity of 
Restful Rocks) which 
separates this Glacier 
from the Whakapapaiti to 
the west . The terraced­
like appearance of the 
snout is indicative of 
upward recession. 

Photo: Dept . Lands and Survey 
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no longer being fed from the permanent ice field. Whilst the separation 

arose as the r esult of the areal recession of both lobes, the Whakapapaiti 

r esulted principally from r ecession of the glacier t erminus up the moun­

tain, while the Whakapapanui result ed from corresponding recession of the 

upper extremities, downslope. This rather curious phenomenon was noted 

by Krenek (1959) and confirmed by Odell (1955) as early as 1954 . However, 

neither of these authors was able to measure the rat e of recession down-

hill by the Whakapapanui. Assuming that both upward and downward 

recession of the snout were resultant only upon glacier downwasting, then 

they were likely to have taken place at comparable rates. Available 

evidence (Krenek, 1959) indicates , however, that this r ecession 

consequent upon downwasting may have been complemented by marginal 

eros ion, as a r esult of meltwater runoff, similar in fact to that which 

took place on the upper extremities of the Whakapapaiti. 

The intensity of glacier downwasting in the 1954/5 ablation 

season was further evidenced by the appearance of "dirt cones" (small 

snow domes l eft projecting above the surrounding snow surface as a r esult 

of a prot ective dirt cap) as ea rly as February, 1955 (s ee Plate 13). 

The dirt forming these cones was believed to have been part of an ash 

layer deposit ed on the glacier during the 1945 eruption of Mt Ruapehu 

(Krenek, 1959), possibly even augmented by the 1949 and 1954 eruptions 

of Mt Ngauruhoe . This further illustrated that between 1945 and 1955 
/ ., 

some of the neve falling on the glacier must have remained to have become 

firn or even glacial ice, so preserving the volcanic ash. Moreover it 

indicated that the wave of recession inaugurated in 1954/5, and 

continuing through into the 1960s, was initiated by climatic optimum 

conditions, favourable to glacier recession (see Plates 23 to' 25) . By 
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Photog L.0. Krenek 

Plate 23. The Whakapapanui Glacier, F.a.ster 1956. Whilst the Glacier has 
not receded a great deal during the 1956 ablation season, downwasting had 
certainly been taking place , as evidenced by the emergence of several 
rock outcrops ... 

---~ . · , . . .-... , - . 

' . 

Photo: L.0. Krenek 

Plate 24. The Whakapapanui Glacier, Easter 1957. More neve is lying about 
than at a similar time in the previous two years, making it difficult to 
observe any great changes in the extent of the glacier ice. However, 
from the rock outcrops it would appear that further downwasting has taken 
place since the previous photo was taken. It is from the lowermost of 
these outcrops that Plate 27 was taken. 
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1960 it was apparent that the firn line had r eceded beyond the highest 

point on the mountain (He ine, 1962) . 

In the yea rs from 1959/60 to 1967/ 8 the gl acier was charac­

t erised by a steady decline in ice area, but in a much l ess dramatic 

manner than in the mid-1 950s. On Ma rch 30, 1962, at a little over 0 .8 km 

in l ength and 0 .3 km in width (Heine , 1962), the Whakapapanui had r eceded 

to an extent whereby the glacier t erminus lay about 2,256 m above s ea 

l evel ( see Fig.4). With t he conclusion of the 1959/60 ablation season 

all the nevt and firn which had hitherto exist ed on the glacier had been 

removed and, along with it, much of the glacier ice . This condition was 

to be r epeat ed frequently in the yea rs up to 1967/8 in which yea r much of 

the glacier ice wa s l >st, l eaving many of the basal rocks protruding 

through the r ema ining ice (see Plate 26). Only in 1964/5, when nea r 

equilibrium conditions we r e experienced, was this process of yea rly 

r emoval of glacier ice interrupt ed. In February, 1968 the glacier ice 

was only about 10 rn thick in its thickest part so that the true glacier 

ice was then only a thin veneer over the rock base (s ee Plate8 27 and 28). 

The 1968/9 budget yea r s aw the occurrence of the firs t positive 

budget that the Whakapapanui Glacier had experienced in its tota l exis­

tence, as a distinct and s epara t e glacier, of almost a deca de and a half. 

This unusual turn of events in r etrospect appears almost to have been a 

final bid to save the glacier from extinction . Even so it s eemed tha t 

this large positive budget would be followed in 1969/70 by another 

negative budget unless the thick mud and ash layer deposited on the 

glacier by the eruption of Mt Ruapehu on June 22, 1969 acted as an insu-

later helpi ng to preserve the last remains . Nature has some unusual ways 

of preserving its relics and this may well have been one of them. 
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Photo: L.O. Krenek 

Plate 25. The Whakapapanui Glacier, Easter 1958, t aken this time from the 
western bank of the valley, showing The Knoll in the left foreground . 
Again the presence of neve makes it difficult to r ecognise any changes, 
but the very existence of n~ve at this time suggests that budgets are 
likely to be less strongly negative than in the mid-1950's . 

Photo: Tongariro National Park Board 

Plate 26. The Whakapapa.nui Glacier, January 1968. Whilst the margins of 
the Glacier are not clearly delineated, the main purpose of this Plate is 
to show the surface topography of the Glacier. There appears to be 
almost as much rock exposed through the ice as there is of true glacier 
ice. This is evidence of the severe downwasting which has taken place 
since 1958. 
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In the next chapter these trends and tendencies will be looked 

a t in terms of the climatic patterns over t he past twelve year s . Prior 

to a consideration of the climatic normality of the 1968/9 year in detail, 

however, it may well be an opportune pl ace to r eflect once more upon 

Lawrence ' s observat ions on the recent l evels of the closed- basin lakes in 

the Rotorua area to see how they correl ate with the behaviour of the 

iVhakapapanui Glacier over the past forty year s . 

Validity of Lawrence ' s Postulat i ons Concerning Glacier 
Behaviour for the Whakapapanui 

Lawrence has r eported that i n the l ate 1950s and early 1960s 

water l evels of the closed- basin l akes in both the Rotorua district and t he 

West Argentine, ha ve r i sen above previous l evels . Such changes ~ay be 

taken as indica tive of increasing yearly precipitation which should, 

according t o his theory, be reflected in a tendency towards positive 

budgets . The last 15 yea rs, however, ha ve seen marked variations in the 

budget of the Whakapapanui Glacier with the only large posit ive budget 

appearing in the 1968/9 budget year. Despite these trends, when the 

individual years were considered in det a il, ther e appea r ed t o be a much 

closer agr eement with Lawrence ' s findings . 

In Pa rt II it was established that firnificat ion of snow into 

ice would take no more than two years on the Whakapapanui Glacie r . 

According to Lawrence ' s latest r eport, the l akes in the Rotorua district 

"have grown from low stages in the mid-1 930s to cres t l evels early in 

1963 •••• Since 1956 they have fluctuated slightly and then late in 1968 

rose 2 f eet (0. 6 m) higher than the crests of 1963 ." (Lawrence , 1969) 

As stated earlier , the Whakapapanui Glacier experienced almost 

equilibrium conditions in 1964/5 and a substantial posi tive budget in 
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Photo: R.I. Robert 

Plate 27. The Whakapapanui Glacier, May 1969, The asymmetrical nature of 
the valley can be seen here. In the upper left background is the end of 
Te Heu Heu Ridge which joins the end of Restful Rocks almost at right 
angles. The basin-like nature of the Glacier is irmnediately obvious with 
the greater accumulation in the lee of the steeP-walled portion of the 
finger-like extension of Restful Rocks. The party in the foreground is 
working close by some of the debris cones shown in Plates 14 and 15. 

Plate 28. The Upper Whakapapanui Valley which the western arm of the Glacier 
is believed to have occupied some years ago. This once cleanly glaciated 
valley has since been strongly eroded, making it difficult to distinguish 
between fluvial and glacial features. In the middle left foreground is 
The Knoll with the Glacier lying on the upper side of the knoll in the 
middle foreground. 



112. 

1968/9 , which tended to substantiate Lawr ence 's theory that the gl acier 

was in fact r efl ecting the r espons e in lake l evel s which had taken plac e 

one yea r before the positive budget, and t wo yea r s before the equilibrium 

conditions. Further mo r e, it appea r ed that the 1969/70 budget yea r would 

in no way approach that of 1968/9 and, to coincide with this, Lawr ence 

r eport ed that in the summer of 1968/9 the l ake l evels declined by about 

2 feet (0.6 m) . 

Lawr enc e ' s records, ther efore , show consider able agreement with 

the r ecords for the Whakapapanui Glacier and, since it is r a ther unlike ly 

that both are in error, it is quit e pos s ible that Lawrence's theory holds 

true in this particula r situation, at l east insofa r as t he ext r eme s of 

precipitation a r e concerned. Mor e i mportant t o the writ er, however, wa s 

the f act that t his pctrticula r case had been tested aga inst a t heory wi t h 

the r esult that the 1968/9 budget computations di d not pose an exc eption. 

In f act, it appea r ed that the climatic conditions which triggered this 

positive budget we r e of a scale sufficient t o af fect the South Island 

glaciers. In 1968 the Tasman Glacier experienced heavy wint er snowfalls 

raising the nev~ landing fi elds for light aircraft 100 f ee t (30 ,4 m) 

higher than in the winter of 1967 (Lawrence, 1969) . 

A more detailed treatise of the separate climatic s easons will 

be made in the following chapter . Before moving on to this consider ation, ' 

however, the general dynamic r esponses of the Whakapapanui Glacier have 

been outlined below . 

Summar y 

From the r ecords available there appear to have been three 

distinct phases in the recent history of the glacier. 
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1. From the end of the ninet eenth century up until the early 

1950s it seemed as though the glacier-then known as the Wbakapapa 

Glaci er 9 one of s ix outlet glaciers--displayed a f a irly steady st at e of 

health, for it exhibit ed no great net gain of mass . Instead it existed 

in a stat e of near equilibrium conditions wher e nourishment from the 

permanent ice fi eld surrounding the Crater Lake was barely sufficient to 

satisfy the wastage, especially since the 1930s when the move towa rds 

climatic optimum conditions became more obvious. In such a condition 

the glacier could be said to have been climatically alive but leading a 

fairly passive existence in terms of behaviour (Embleton and King, 1968), 

perhaps even displaying minor shrinkage. 

2 . During the period from 1954 to 1960 , when the glacier was 

in a state of ma rked r etreat as a r esult of strong negative budgets, much 

of the glacier ice wa s lost. The beginning of this period was high­

light ed by the appearance of two distinct glaciers from the original 

outlet glacier. In this period the glacie r became both climatically 

and dynamically dead or static . It was defined as climatica lly dead 

when the glacier became disconnected from the ice plateau and henc e its 

life-line. Because of this the glacier ice could no longer extend its 

frontiers by way of the kinematic waves which are known to conduct the 

precipitation away from the ice plateau (Nye, 1963). It could, however, 

have expanded or contracted its margins if positive budgets bad prevailed 

for two or more years, or it may have moved a s a result of earthquakes or 

volcanic vibrations since its base was lubricated by the meltwater stream. 

3. The years from 1960 to 1969 constituted a period of variable 

regimes with negative budgets prevailing, though with occasional years 

when equilibrium or near equilibrium conditions were believed to have 
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existed, for example 1965/6 . In 1968/9, when a strong positive budget 

was displayed, the glacier was in a state of potential growth manifest ed 

in the marked increase of nourishment over wastage . In 1968/9, as a 

"cut-off"' lobe of ice , the gl aci er r elied upon self- sufficiency to mainta i n 

a healthy condition. Because of t he time period involved in the 

firnification of this snow into glacier ice , the effects of the positive 

budget may be attenuated somewhat or may never oven become appa r ent . 

Hence the glacier i s said to have been in a potentially active stat e in 

1968/9 , but usually two successive positive budgets a re necessary before 

any l engthening or movement becomes apparent. Since it appear ed as 

though the 1969/70 budget would be negative , it seemed unlikely that the 

pos itive budget would be register ed in a dynamic r esponse . 

On this evidence the glacier may be said t o have attained old 

age since it displayed the t r a its commensurate with such a condit ion; 

namely wasting, a gener ally unhealthy condition and a t endency towards 

extinction. 



115. 

CHAPI'ER 2 

STATISTICAL NORMALITY OF THE 1968/9 CLIMATIC YEAR 

In the previous chapter use was made of qualitative evidence to 

establish the general dynamic state of the Whakapapanui Glacier. On its 

own such evidence had limited application in any attempt to relate the 

dynamic condition of the glacier to the general meteorological environment. 

Apart from broad generalisations as to the nature of the climatic 

environment-whether a period of cooler climates prevailed or whether 

there had been a trend to warmer and drier conditions. Thus, apart from 

enabling a fairly elementary reconstruction of past climates, this sort of 

evidence did little to enhance our understanding of the way in which the 

glacier and climate were related. 

One method of establishing the degree of nonnalcy of the 1968/9 

climatic year is to consider a number of climatic parameters over a 

longitudinal time period. The longer the period of time and the greater 

the number of climatic parameters, the more reliable would be the 

relationships evolved. Thus a consideration of temperature and precipi­

tation data over a period of twelve years from 1957/8 to 1968/9 should 

help in our understanding of the meso-dimension of the glaciometeorology 

on the Whakapapanui Glacier, which was essentially the glacier/weather 

relationship. The meso-scale provided the connecting link between the 

macro-dimension of glacier/climate relationships, or the dynamic state of 

the glacier, and the micro-dimension, namely the heat budget. The 

importance of the two meso-scale parameters of rainfall and temperature 

were assessed in relation to changes in the mass budget of the glacier. 

An attempt has been made to ascertain the ways in which these two 
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parameters characterised the heat bud.get, but it was necessa rily lirni ted 

by the absence of true micro-meteorological measurements . Nevertheless 

what has been achieved should i mprove our knowledge of the climate/glacier 

relationships characterising the Whakapapanui Glacier . 

The object of this chapter, therefore, was to account for the 

large positive budget in 1968/9 against a background of essentially 

negative or equilibrium budgets, in terms of rainfall and temperature, and 

to establish the normalcy of the 1968/9 hydrological year. Three factors 

influenced the choice of these two parameters: (i) available records for 

other parameters were often incomplete or wer e available for shorter 

periods only; and (ii) Hoinkes ( 19:54) has stated that "air temperature 

has frequently been used as a very rough indication of the heat budget 

because it can be easily reduced to glacierised altitudes" . This, 

however, does not overlook the complex manner in which temperP.ture is 

related to the mass balance. It does, however, lend substance to the 

belief that hea t transfer mechanisms of latent and sensible heat, as well 

as the radiative energy transfer, were influenced by the ambient air 

temperature. 

Hoinkes, Howarka and Schneider (1968) found that daily observa­

tions of temperature, at some distance from the Hintereisferner Glacier, 

were useful in deducing ablation conditions on the glacier . In their own 

words, "temperature is merely a substitute for radiation". However, they 

caution that "if temperature is used as an indication of radiation, the 

existence of fresh snow on the glacier has to be considered as well" for 

fresh snow prevents ablation. On the Whakapapanui where ablation was a 

continuing process, effectively taking place throughout the year to a 

greater or lesser degree, the use of temperature as an indication of 



ablation was all the more justified. The third factor relates to 

precipitation a nd Hoinkes, Howarka and Schneider (1968) have found that 

it was very closely associated with the mass budget of the glacier in 

years of extremes of a ccumulation and ablation . All that is known of the 

relationship within these thresholds is that it varies in time and space, 

but this should not prevent the use of precipitation as a climatic 

indicator on the Wh.akapapanui Glacier . 

Rainfall and temperature data were considered in terms of the 

entire hydrological budget yedr and, to ensure that valid comparisons were 

made, a fixed period of the calendar yea r was assigned to the two seasons, 

known as the potential accumulation and ablation seasons. The accumula-

tion season was taken as extending from May to October inclusive wtile 

the ablation season was from November t o the foll owing April inclusive . 

Precipitation 

With r egard to the tota l rainfall for the hydrological years 

it wa s obvious that the 2,923 mm deposition in 1968/9 wa s not abnormally 

high. In f act the tota l was exceeded on four occasions in the l ast 

twelve years, the highest total falling in 1964/5 when there was 3,789 mm. 

This figure of 2,923 mm was, however, almost 8 percent above the average 

for the twelve yea rs from 1957/8 to 1968/9 of 2,713 mm. Furthermore, it 

was just over 6 percent above the average taken over the period 1921 to · 

1950, of 2,748 mm. 

Thus the twelve-year period from 1957/8 to 1968/9, in terms of 

annual rainfall, was only 1.2 percent below the average for the period 

from 1921 to 1950 and hence could be assumed to have been a fairly 

representative sample. In the last seven years of this twelve-year 
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period the average rainfall of 2,713 mm was exceeded on no les s than five 

occasions with only 1966/7 and 1967/8 recording totals below this average 

with 2,574 mm and 2,550 mm respectively (see Table X) . On both these 

l at ter occasions the gl aci er experienced rather strong negative budgets . 

Nevertheless, these totals were considerably above the yearly values 

when compared with the values for the period from 1957/8 to 1962/3 where 

the rainfall totals varied between 1,930 mm and 2,521 mm. These below 

average totals in the late 1950s and early 1960s coincided with a period 

of fairly rapid recession by the glacier. On their own, however, they 

were not sufficient to indicate the sign or magnitude of the net budget 

for in the 1964/5 budget year, when there was a 39 percent above a verage 

total rainfall of 3,789 mm, the g~dcier experienced only about 

equilibrium conditions . In the 1968/9 budget year, however, whsn a n 8 

percent above ave r age r a infall total of 2 ,923 mm was r ecorded at The 

Chateau, the glacier experienced a strong positive net budget. 

Reference to Table X also indicates that in t erms of percentage 

contribution to the annual rainfall by the accumulation and ablation 

seasons, the 1964/5 season had a 57 :43 ratio in favour of the accumulation 

season. This diffe red from the twelve-yea r average ratio of 52:48 by 

only 5 percent, while in the 1968/9 season,with a 60:40 ratio in favour 

of the accumulation season, the difference was 8 percent. In this respect 

the 1968/9 season was exceeded by the 1962/3 season only, which displayed 

a 61 : 39 ratio in favour of the accumulation season. It would appear from 

the above that the temporal distribution of precipitation may have been 

more important than the magnitude, at least above certain threshold values. 

Closer examination of the monthly rainfall totals indicated that 

the May 1968 rainfall of 36~ mm, while only 2 percent above the 1959/60 



Month 

May 

' June 

July 

August 

September 

October 

Total 

Mean 

% of 
Yearly 
Total 

Table X 

Monthlz Rainfall Totals and Means 

(a) Accumulation Sedsons-Rainfall (mm) 

57/8 58/9 29/60 ~ .§.1fl 62/3 63/4 ~ §5.ij_ 66/7 ill§. 68/9 

230.6 350.5 361.4 262.6 85.8 213.1 272.0 190.2 203.9 106.6 186. 1 364,9 
125.4 94.9 154. 1 218.6 170.1 442.9 326 .1 180.8 261 .3 351 .2 171 • 7 386.0 

160.5 248.6 285.2 322 .3 331 .2 263,3 249.4 590.2 257.3 315.4 138.6 189 .4 
99.0 169. 1 84.3 220.4 190.2 337,5 276 ,3 408.9 248.6 170.1 476.2 272.7 

65.5 31.4 191 .o 293.3 232 .9 209.5 293.1 502.4 179.5 175.7 198 .6 224 .7 

224.2 144.5 229.6 136,9 145,5 438.9 103.3 301.2 226.0 144.0 217 .6 335 .5 

905.5 1039,3 2321.8 1302.0 1138.1 1918.2 1520.4 21 73.9 1376.9 1263,3 1389.1 1773.6 
-

150.8 173.2 217 .6 242.3 197. 1 319.5 253.4 278.3 229.6 210.5 231 .6 295 .6 

46.92 41.04 55.40 51.63 42 .75 61 .00 52 .37 57.38 44.69 49.08 54.46 60.67 

Average for 12 years= 52.08 percent 

Means 

236 .7 
236.2 

277. 1 
245 .8 
216.4 

220 .7 

_.. 
_.. 
'{) . 



Month 

November 

December 
January 
February 

March 

April 

Total 

Mean 

% of 
Yearly 
Total 

(b) Ablation Seasons-Rainfall (mm) 

5Jl.§_ 58/9 59/60 60/1 §Jil 62/3 63/4 ~ §5.jj_ §ill 67/8 68/9 

288.2 70.8 224 .0 190.2 185 .1 382.0 239.0 211 • 3 450.5 282.9 360.6 238.7 
261 .8 553.2 145.2 75.6 115 .o 198 .3 186 .1 348.9 331. 9 343.6 292.3 274 .3 
142.2 258.5 173.7 228.6 400.0 125.7 335.2 215.9 207.2 155. 7 124.2 117 .3 
171 .1 186.6 287.0 150 .1 123.9 305. 3 158.2 316.4 250. 9 214.~ 51.5 186.4 

99 .0 152.9 158.2 198 .8 263.3 122.4 320.5 267.9 128.5 198.6 78.9 84.0 

61.7 223.2 63.5 223.5 232 .6 93 .4 144 .0 231. 9 334 . 2 114 .8 253 . 4 248 .9 

1024.3 1445.5 1051.8 1067.0 1320.5 1227.3 1383.2 1612.3 1703.5 1310.6 11 61.2 1149.8 

170.6 240.7 175.2 177 .8 219.9 204 .4 230.6 268 .7 283 . 9 218.4 193.5 191 . 5 

53 .1 8 58.96 44.60 48 .37 57 . 25 39.00 47.63 42.62 55.31 50.91 46.54 39 . 33 

Average for 12 yea rs= 47.91 percent 

( c) Hydrological Year-Total Rainfall (mm) 

1930.1 2484.1 2357.1 2521.4 2306 .0 3144.5 2903 .2 3788 .9 3080.5 2574.0 2550 .4 2923.5 

12 year average total for full Hydrological Years= 2713 .4 mm 

Annual average for 1921 to 1950 = 2748 .5 mm 

Means 

260 .3 

251 . 9 
207.0 
200 .1 

172.7 

186 .9 

..... 
N 
0 . 
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total of 361 mm, was 54 percent above the twelve-yea r average and, as 

such, was the highest May total in the l ast twelve years. Furthermore, 

the June total of 386 mm in 1968/9 was exceeded by only the 1962/3 June 

total of 443 mm and was over 63 percent above the t welve-year average. 

The monthly total of July was 46 percent below ave r age, while August and 

September, with totals 11 percent and 4 percent respectively above their 

averages, were exceeded on a number of occasions. October, with 336 mm 

of rain, was 52 percent above the twelve-year October mean, and was only 

exc eeded by October 1962/3 which, with 439 m::J, was a lmos t 100 percent 

above the mean. Insofar as the magnitude of accumulation was concerned, 

May, June and October appea r ed to have been exceptional months. 

In the abl ation season the reverse was the case: January of 

1968/9 was on record as having the lowest rainfall of any January in the 

past t we lve years and, with only 117 mm, it was 44 percent below the mean 

of 207 mm. Ma rch of 1968/9, with 84 mm, had the second lowest of the 

Ma rch totals next to March of 1958/9, with 79 mm. With only 5 mm more 

rainfall it was 51 percent lower than the t we lve-year March average of 

173 mm. The 1968/9 abl ation season was particularly dry with a total 

rainfall ~f 1,150 mm being the lowest fo r the past eight yea rs and the 

fourth lowest in the last t we lve yea rs. More important to the regime of 

the glacier, however, was the r ather minimal amount of rainfall in the 

months when the temperatures were warmest (see Tabl e XI b), which meant 

that the contribution of latent heat to the ablation process in these 

months was particularly low . By comparis on the total precipitation in 

the 1964/5 ablation season of 1,612 mm, with the exception of the 1965/6 

season, was the largest ablation s eason total on record for the last 

twelve years and yet, in 1964/5, the glacier maintained a state of 
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eq_uilibrium. 

Table XI 

Mean Monthli Tem2eratures {oc2 

(a ; Accumulation Seasons 

Month !iJ..L§. 5.§12 59/60 60/1 .2.1fl. 62.3 63/4 .§Ab. §j}.£ §.§b_ §Ji§. .§.§h Means 

Ma y 10.3 9 .7 2.7 6.2 4 .8 7.8 4 .5 5.3 4.6 5.3 6.2 6 . 1 

June 8. 1 7.0 2 .6 ).6 4 .0 3.3 3. 1 2.6 3.2 3.5 4. 1 

July 5.7 6.2 2 . 3 2,7 1.5 3.7 3.3 1.2 2.0 2.7 1.7 2.9 

Aug. 8 . 1 7.8 4 .0 2.5 2.7 3 .5 2 .2 2.5 3.2 2. 8 4 .3 3.3 3.9 

Sept . 9 .0 8. 2 5. 0 5.3 4.5 4 . 4 4.5 4.0 4.7 4 .6 3.8 3. 1 5. 1 

Oct. 10.0 14.0 6 .2 7.0 8 . 6 7.8 7.3 6.0 5. 1 5.8 8 .1 4.5 7.5 

:Means 8 .5 8 .8 3.8 4.6 4 .5 5.2 4.7 3.9 3.8 3.7 4 .6 3.7 

(b) Ablation Seasons 

Nov . 12. 6 13.7 8 .5 8 .0 8 . 4 8 . 6 6 .8 7. 4 6.5 7. 1 8 . 4 6.4 8.5 

Dec. 7. 4 16.2 11.7 10.0 12 . 4 10 .2 9 . 9 10.2 9 .7 9 .3 10.2 10 . 1 11.1 

Jan. 15.2 14 . 1 11. 8 12.5 13.3 12 . 3 9 .2 12 . 6 12 .0 11.2 11.5 12.2 

Feb. 18 . 1 11.9 12.7 12.5 12.3 13.1 11.5 9.8 13,9 11.7 12 . 0 12.0 12.6 

Ma rch 16.4 11.3 9 . 6 9 .8 10 . 7 10.3 9 .4 10 .3 11.5 11.7 13.8 9 .6 11 . 2 

April 10. 7 8.o 8.0 7.8 9 .8 7.5 8 .3 7.5 7. 6 7.8 8 . 3 6.0 8 . 1 

Means 14.3 12.6 10.4 1 o. 1 11.2 10 .3 9 . 2 9.6 10.2 9.8 10.6 9.2 

The net r esult of these precipitation patterns was a particu­

larly intense accumulation season (see Fig .16) in the 1968/9 budge t year 

and in all probability a much less eff ective ablation s eason, owing to 

the high albedo of new snow. The intensity of the accumulation season 

as shown in Table X a was r eflected in the maintenance of the snow level 

below 1,220 m a .s.l. during most of the wint er (see Fig.16). These 

graphs have been constructed from Snow Reports issued during the ski 

season by the Tongariro National Park Board. The snow line is defined by 
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them as "the lo·Nest general l evel at which people can use toboggans in 

1 
gulleys or at which ther e is a reasonable de pth of snow" whilst the 

skiable l evel is defined as "the lowest l evel to which an average skie r 

of intermediat e standard can ge t a continuous run without having to jump 

or climb over rocks". 2 Figure 16 shows that both the snow line and the 

skiable level during the 1968/9 accumulation s eason were at abnormally 

low elevations at the beginning of November , reflecting a longer than 

normal accumulation s eason. The weather patterns which acted to produce 

the snowfalls in November, also r educed the actual l ength of the potential 

ablation s eason . As a r esult the true onset of the ablation season was 

delayed because of the high albedo of fresh snow which must have 

effectively r educed the amount of melting tha t r esult ed from r adiation. 

Since the 1969/70 accumulation season began on April 9, 1969, the 

duration of the abl ation season was also r educed. This, together with 

the r educed effectiveness of tho ablation season, must have contributed 

substantially to the positive net budget in 1968/9. 

Temperature 

The validity of the t emperature data wa s somewhat Auspect since 

there were gaps in some months from either broken equipment or more urgent 

duties for the Park Board personnel who maintain the meteorological 

station. The Meteorologica l Office has, however, produced a continuous 

record of mean monthly t emper atures with the exception of three months in 

the 1963/4 year and a month each in 1961/2 and 1967/8. Certain conclu-

sions can be made from these va lues. 

From observation of the accumulation season records (see Table 

XI), September and October of 1968/9 had the lowest temperatures of any 
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0 
similar month in the last twe lve years. The September value of 3 .1 C 

was 2°c lowe r than the overall September mean of 5.1°c, while the Octobe r 

0 0 oc 0 value of 4.5 C was 3 C below the t we lve-yea r October mean of 7.5 • f 

the monthly average tempe r a tures in the accumula tion season , only May 

experienced aver age t em peratures. The r ema ining months fro m June to 

October expe rienced monthly averages bet ween 0.6°c and 3.0°c below their 

respective t we lve-yea r mean t empe r atures. This oo uld have mea nt either 

one or both of two things i (i) the amount of ablation occurring in the 

accumulation season was considerably reduced so that l ess snow than 

normal was lost as me ltwater runoff ; or (ii) a greater than normal 

frequency of a irflows with accele r ated dewpoints, all things being equal, 

may have l ed t o a greater than normal percentage of the precipitation 

falling as snow. Hence it would appea r that ma ny f actors c ombined to 

produce this exceptional budget year. 

Average t emper atures for the months of the ablation s eas on were 

all below the ir r espective t we lve-year means. November, at 6. 4°c 1 and 

April at 6.o0 c we r e both 2. 1°C below their means and 1 as such, we r e the 

lowest November and April means in the t we lve-yea r period. February a t 

12.0°c had the closest to aver age conditions of any of the months in the 

ablation season, for it was only 0.6°c below average. December at 1.0°c 

below the average of 11 .1 °c and March at 1 .6°c below the average of 11 .2°C 

were, however, significantly below normal. The net result of thes e 

differences could have been that the radiative energy and hea t transfer 

mechanisms operated with much reduced efficiency in the 1968/9 ablation 

season. 

To ascertain whether in fact these differences were sufficiently 

great to give rise to mathematically significant differences from the mean, 
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a parametric t est wa.s applied to them ( see Table XII). It was with 

certain rese rvations that these dat a were tested in such a way, however, 

Tab le XII 

T-Test on the Mean Temperature Data 

Period Tested 

Full Year 

Accum. Season 

Abl ation Season 

Mean for Mean fo r Differ­
~ 1957),8- 67/ 8 ence 
~ ~_:-) o C (x::=:Tioc 

6.5 

3.7 

9.2 

8 .0 

5. 1 

10.7 

1.5 

1.4 

1.5 

t 

0.400 3 .7 

1.450 0 .9 

0 .527 2.7 

J\Jlay 

June 

July 

August 

September 

October 

November 

December 

January 

February 

Ma rch 

April 

6.2 

3.5 

1 • 7 

3.3 
3 . 1 

4.5 
6.4 

10. 1 

11.5 

12.0 

9 .6 

6 .0 

6. 1 

4 . 1 

3 . 1 

4 .0 

5.2 

7,8 

8 . 7 

11. 1 

12.4 

12.7 

11.3 

8 .3 

* n = Degrees of Freedom 

- 0 .1 

0.6 

1. 4 

0 .7 

2. 1 

3,3 

2.3 

1.0 

0 .9 

0 .7 

1.7 

2 .3 

0 .1 61 2.3 

o. 581 1 . 3 

0 . 471 2.7 

0 . 448 1 . 5 

3. 367 O. 6 

1.824 1. 7 

1.926 2. 8 

0 . 235 4.1 

0.949 0 .9 

0 .488 1 . 4 

0 .801 2 .1 

0.413 5 , 4 

+ Significance Level is set at 5% Probability 

when n = 10, t = 2.228 to be significant 

when n = 9, t ~ 2.262 to be significant 

when n = 8, t ~ 2.306 to be significant 

Sig­
nifi­

n* cance+ 

9 N.S. 

10 N .S. 

10 N.S . 

9 N.S. 

8 U.S. 

9 N.S. 

10 N .S. 

10 S. 

10 N .S. 

10 N .S. 

10 N .S. 

9 N.S. 

10 N.S. 

10 N.S. 

10 N.S. 

for none of the samples completely fulfilled the pre-requisites set down 

for a parametric test . First, there were insufficient values in most of 

the samples to allow any real distribution patterns to emerge, let alone 

normal distributions. Second, the samples could not be taken as 
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representative of the "popula tion" from which they were drawn since they 

were not randomly selected. Des pite the above-mentioned shortcomings of 

the data 9 the realisation that climatologica l da t a pose s pecia l problems 

when used in statistica l tests 9 s a tisfied the writ er that the use of the 

T-test wa s justified in that any differences which did appea r were likely 

to have been particularly significant. 

When the T-test of variance wa s applied to ttese fifteen sets 

of da ta (see Table XII) 9 only one difference emerged as being significant 

above the 5 percent level, this being the September value which was 

statistically significant at the 1 percent level and hence very meaningful. 

The f a ct that all the other differences did not show up in this test 

meant ideally that none of the other a pparent dif f erences were 

mathematica lly significant a nd should therefore be discounted. The f act 

remains, however, that the 1968/ 9 regi me was gr eatly different from any 

other yea r in the t welve-yea r period ciDd it appea red most likely that the 

abnorma l monthly temperature va lues were of suff icient magnitude to have 

contributed in s ome wa y t o this condition. That these differences did 

not show up in the variance test was more likely to have been a reflection 

of the inadequacies of the data and the consequent large standard 

deviations, than it was of any real lack of change in the climatic 

elements. 

It was at least noteworthy that September 1968/9 experienced a 

mean temperature statistically different from that of the remaining 

Septembers in the eleven-year period tested. September was, however, 

recorded as having a mean monthly temperature only 2°c below the twelve­

year mean. This difference was equalled by November and April, and 

surpassed by October with a monthly mean 3°c below the average of 7.5°c. 
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That neither of these last three months emerged as having statistically 

significant differences from their respective means was not particularly 

paramount for the limitations of sta tistical tests, when applied to 

climatological data, are widely acknowledged . In this case the particu-

larly large standard deviations of the temperatures in Novembe r , April 

and October must have ove r-shadowed the apparent differences between their 

respective means . 

On the whole the picture emerging from this treat ise of mean 

temperature data r e inforced the pattern established ea rlier when dealing 

with total rainfall figures; namely, tha t the crucia l months at the end 

of the accumulation season and beginning of the ablation season experienced 

weather which acted to pr olong the a ccumulation season and de lay the 

beginning of the abl at ion season. First, new snow as l ate as November 

28, togethe r with t he below normal tempe r atures in the abla tion s eason, 

must have combined to r educe the effectiveness of solar r adiation as a 

factor in the ablation process. Second, the probable reduction in latent 

heat, resulting from reduced precipitation, together with the delayed 

beginning of the ablation season, must have combined with the above 

factors to have minimised the amount of melting which took place, so 

allowing ablation to have continued a t a much slower rate. 

These differences in the duration of the accumulation and 

ablation seasons, together with their abnormal characteristics of rainfa ll 

and temperature, must have been connected with the frequency of an 

abnormal synoptic situation characterising the form and sequence of the 

weathe r in the immediate vicinity of the glacier. We will now consider 

the synoptic situation and analyse its relationship with certain climatic 

elements. 
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Meso-Scale Wea ther 

Lamb's system of clas sifica tion of airflow types was employed 

to distinguish the major weather types3 charact eris ing the gener al 

meteorologic environment over Mt Ruapehu. Basically there we r e four main 

t ypes of synoptic s ituations which brought differing weathe r t ypes to the 

area, and these a rose from the t wo main types of pr essure systems with a 

secondary classification ac cording to the pos ition of these systems in 

r elation to Mt Ruapehu. Airflow 1 encompassed the CN, CE, CSE and CNE 

airflows which r esult ed from cyclogenesis or frontogenesis to the north 

of Mt Ruapehu. Airflow 2 was made u p of the CSW, CW, CNW and CS airflows 

which resulted from c onver gence as a result of trough depressions and 

fr onts t o the south of Mt Ruapehu. Airflow 3 was a compos ite of diver ging 

airflows which r esult ed from anticyclones migrating t o the north of 

Mt Rua pehu . It encompassed the ANW , AW, AS and ASW a irf low types, while 

Airflow 4 was made up of the AN , ANE, ASE , AE and A a irflows which 

originated from anticyclonic conditions to the south of Mt Ruapehu. As 

a r esult of New Zealand's insula r nature and oceanic position in the mid­

latitudes, its weathe r is influenced by the dominant pressure system (low 

pressure convergence or high pr essure divergence ) and the source of origin 

and modification en route of the a irstream motivated by the pressure 

pattern (Garnier, 1957). 

Both A1 and A2 airflow types were associated either wit h the 

passage of tropical cyclones which form over the Cora l Sea during the 

summer months, or from depressions which develop in the south Ta sman Sea 

and migrate in a north-easterly direction across New Zealand, steered by 

the zone of westerly winds . In winter in particular, frontogenesis also 

occurs over New Zealand with the penetration of warm, moist north- westerly 
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air by polar maritime a ir from the south-west. These cold fronts 

fr eq_uently undercut the warm, moist unst able north-wes t erly or westerly 

air and force it to ris e . The r esulting uplift leads to cloudy and 

windy weather , gener ally cool t emperatures and r a in (Garnier, 1957 ). 

The tropical cyclones a r e associated with warm, humid a ir and when they 

migrate over the extensive Pacific Ocean they intensify and form a huge 

vortex of moist , unstable a ir circulating in a clockwise direction. Air 

flows on t o New Zealand from the westerly q_uadrants veering south-west 

when, as is sometimes the case (e.g. the "Wahine" Cyclone ), it moves 

beyond Cook Strait and it has a great potentia l for the release of 

sensible and le.tent heat (Thompson , unpublished research). 

Complex situations often develop from t he above conditions, wit h 

depressions often accompanying t he fronts and prolongi ng t he duration of 

t his weather from the average of three up to five or mo r e days, particu-

larly in winte r. The pos ition of these pressure systems, as recorded at 

0000 hrs N.Z.S .T., determined whether the weather was classified as type 

one or type two. If the pressure syst em was lying north of Mt Ruapehu, 

the resulting airflows were classified as A1 , while A2 a irflows originated 

from low pressure systems to the south of Mt Ruapehu. Such a system did, 

of course, hav8 its limita tions particularly as a result of the speed at 

which some of these syst ems pass across New Zealand. It is q_uite 

possible for a cold front or subpola r low to pass through the a rea a t such 

a speed that, in the space of one evening, a completely different weather 

type may pass through leaving the dynamic situation the next morning the 

same a s it had been on the previous evening, with only the wind direction 

changed. Conseq_uently, a weather pattern based on only one daily 

recording had its shortcomings, though a more suitable substitute has yet 
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to be found. 

As mentioned earli er, Airflows 3 and 4 were associated with the 

procession of anticyclones ac r oss from t he Australian Bight f rom west to 

east, and across t he Tasman Sea to New Zea l and, steered by t he subtropical 

jet stream flow (Thompson, unpublished research). I n winter they pass 

mostly across northern New Zealand (Garnier, 1957), while in summe r t hey 

mo ve across at about the centre of the country in the vicinity of Cook 

Strait. Air f rom the south to south-westerly quadrant of the anti-

cyclones to t he sout h of Mt Ruapehu was generally of a cold maritime 

nature , being of Antarctic origin, while east erly flowing a ir, char act er­

ised by subsidence, was usual ly fairly stable and somewhet c ool e r than the 

prevailing westerly air. 

Over a 2,191 day period from May 1, 1963 to April 30, 1969, 

t hese four a irflows we r e found to occur i n t he following pr oportions in 

the vicinity of Mt Ruapehu (s ee Appendix I): 

Airflow 1 (CN, CE , CSE, CNE) = 14 .0%} 
Airflow 2 (csw, cw, cNW, cs) afo 47. afo 

= 33 . 0 

Airflow 3 (AN"W 5 AW, AS 5 ASW ) 31.5%'} % 
(AN, ANE, A) 

53. 0 
Airflow 4 ASE, AE, = 21.5% 

These figures indica t ed that for the l a st six hydrological years the 

weather patt ern was dominat ed by (i) converging a irstreams originating as 

a result of cyclogenesis or frontogenesis to the s outh of Mt Ruapehu, and 

(ii) anticyclonic sys tems migrating across to the north of Mt Ruapehu 

with r esultant unstable airflows from the south- westerly quadrant of the 

compass . This can be seen, generally speaking, as a reflection of the 

cyclic pattern of New Zealand's weather with alternating lows a nd highs. 

The frequency occurrence of each of the ma jor airflow types in 
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the 1968/9 year has been compa r ed with the mean frequencies in t he period 

from 1963/4 t o 1967/8 in Table XIII. The pur pose of this exercise was 

to es t ablish whethe r the meas ured abnormalities in the t wo mes a-

meteo r ological pa r amet ers of r a infa ll and temper ature wer e a lso measure­

able in the mesa- sca l e wea ther. 

Airflow 

A1 

A2 

A3 

A4 

Table XIII 

Percentage Frequency Occurrences of Airflow Types 

(Hydrological Years) 

Type 1263L4-1967L8 {x 2 1968/2 ~XL Difference ~X -

14.29 12.32 +1.97 

31.66 39 .73 -8.07 

31 .87 29.59 +2.28 

22 . 18 18 . 16 +4.02 

x} 

While t here we r e slight r eductions in the proportion of A1, A3 

and A4 a irflow types in t he 1968/9 year as compar ed with the five-yea r 

period mean, the 8 percent increa se in the pr oportion of A2 (CSW, CW, CNW, 

CS) a irflows prompted the writ er t o t est whethe r the frequency distribution 

of airflow types in 1968/9 was mathematica lly significant from the 

dist r ibutions fo r t he period from 1963/4 to 1967/8 (s ee Table XIV). 

With a Chi-Squar ed va lue of 9 . 349 the difference between the 

1968/9 frequency dist ribution in the four major airflow types, and t hat 

for the pr evious five-year period, was sa id to be statistica lly proven at 

the 2.5 percent level, but this did not indicate where the difference 

existed. (For the calculation of x2 values see Appendix II.) Not all 

the "observed" frequencies for the airflow types differed from the 

"expected" values by t he same amount, however. In Airflow 2 there was a 

frequency difference of 24. 5 and this il .. creased frequency in the 1968/9 

year appeared to be the main reason for the significant difference 
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between the two periods. 

Table XIV 

x2-Test on t he Frequency Occurrence of the Ma,ior Airflow Types in 

1968/9 9 as compa r ed with the period 1963/ 4 - 1967 /8 

Obs erved 
Observed-Expected 

Frequencies 
Observed 

Airflow Fre9..uency -= ~ 1968/9 7 1968/9 

A1 261 45 5.9 - 5.9 

A2 578 602.5 145 120. 5 -24.5 24.5 

A3 582 575 .1 108 114. 9 6 .9 - 6.9 

A4 4-12 393 . 4 67 78 .6 11.6 -11 .6 

x2 = 9 . 349 

Degrees of Freedom= 3 

Value of x2 for difference to be s ignificant at 5% level~ 7.815 

Table XIV confirmed that the frequency occurrence of airflow 

types in 1968/9 was significantly differ ent from the pattern for 1963/4 

to 1967/8, but it did not indicate whe r e t he greatest differ ence l ay . 

An examination of Table XVI, however, indicat ed that for the over Qll 

hydrological yea r the greatest difference in frequency occurrence was in 

airflow type A1 , in which ther e was a reduced frequency of airflows 

without r a in. This confirmed somewhat the pa ttern as shown in Table XV, 

where the average intensity of r a infall associated with A1 airflows was 

about 1 mm lower than that for the previous five-yea r mean. 

The pattern for the hydrological year did not, however, confirm 

the suggested frequency difference in A2 airflows as shown in Table XIII. 

As a consequence it was decided to examine the accumulation seasons and 

ablation seasons separately. Table XVII demonstrated that there was a 

significant difference in the frequency occurrence of A4 airflows in the 
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Table XV 

Int ensity of Rainfa ll Associat ed with Airflow Types-Comparison 

Bet ween 1968/9 and 1963 - 1969 

(a) Full Hydrological Years 

Air- Ifoa n Air- Mean 
flow R.F. flow R.F. 
Type 1963-1969 ~ ~ 1968/9 ~ 

A2 CSW, CW, CNW, CS 9.90 A2 csw, cw, CNW 9 cs 8.89 

A1 CN, CE, CSE, CNE 8.63 A1 CN, CE, CSE, CNE 7 .87 

A3 ANW, AW, AS , ASW 4 .57 A3 ANW, AW, AS; ASW 6 .09 

A4 AN, ANE, ASE , AE , A 4.31 A4 AN, ANE, ASE, AE A 4.82 

(b) Accumulation Season 

A2 cs1v, cw, CNW, cs 11 .43 A2 csw, cw, CNW , cs 11 • 9 3 

A1 CN, CE, CSE , CNE 5 .84 A3 ANW, AW, ASW, AS 9 .39 

A3 ANW 9 AW, AS , ASW 5.33 A1 CN, CE, CSE , CNE 6.60 

A4 AN, ANE, ASE, AE, A 3.55 A4 AN, ANE , AE, ASE, A 5 .84 

(c) Ablation Season 

A1 CN, CE , CSE , CNE 11 • 93 A1 CN, CE, CSE, CNE 9.39 

A2 csw, cw, CNE, CS 8.63 A2 csw, cw, CNW, CS 4.57 

A3 ANW, AW' AS, ASW 4 . 32 A3 ANW, AW, AS, ASW 4.06 

A4 AN, ANE , ASE, AE, A 2.79 A4 AN, ANE , ASE, AE, A 3 .30 

two periods with the 1968/ 9 accumulation season having an increa s ed 

fr equency of a irflows which were associated with rainfall . Meantime, 

Table XVIII for t he ablation s eason demonstrated a significant difference 

in the frequencies of A2 airflows. In 1968/9 ther e was an increas ed 

frequency of A2 airflows associated with non-rain days, when compared with 

the average frequencies for the 1963/4 to 1967/8 period. Table XV, which 

shows the intensity of precipitation associat ed with the airflow types in 

each of the seasons, confirmed the above results, but in the accumulation 

season the increase in the intensity of A4 airflows in 1968/9, when 



Air­
flow 

Table XVI 

Chi-Squared Test of Difference in Frequency Distribution 

Bet ween 1963-1968 and 1968/9 

Rainfall* 
.Giitl 

0 
0.10-6 .34 
6.35-12.69 

) 12. 70 

0 
0 .10-6. 34 
6.35-12 .69 

12.70-19.04 
19.05-25.39 
25.40-38.09 

) 38 .1 0 

0 
0.10-6.34 
6.35-12.69 

12.70-19.04 
19.05-25.39 

> 25 .40 

0 
0 .10- 6 .34 
6.35-12 .69 

12.70-25.39 
> 25 .40 

(Hydrological Years) 

"Observed" 
Frequencies 

1963-8 1968/9 

102 
58 
34 
67 

157 
161 
79 
54 
38 
59 
30 

318 
125 

42 
29 
21 
50 

260 
63 
20 
33 
29 

14 
17 
8 
6 

49 
42 
13 
11 
9 

12 
9 

60 
19 
7 
8 
6 
7 

37 
12 
6 
7 
5 

"Expected" 
Frequencies x2 

1963-8 1968/9 Value n+ 

99 
64 
36 
62 

165 
162 
74 
52 
38 
57 
31 

319 
122 

41 
31 
23 
48 

255 
64 
22 
34 
29 

17 
11 
6 

11 

41 
41 
18 
13 
9 

14 
8 

58 
22 
8 
6 
4 
9 

42 
11 
4 
6 
5 

7.880 3 

4.950 6 

3. 128 5 

2. 971 4 

± Significance Level is 5% or less 

+ n = Degrees of Freedom 

134. 

Sig­
nifi­
cance 

< 5% 

N.S. 

N.S. 

N .S. 

* The class interval of 6.34 mm has been doubled in some instances 
in order to obtain sufficient frequencies for testing 

when n = 3 

when n = 4 
when n = 5 
when n = 6 

x2 ~ 7 .815 

x2 ~ 9 .4-88,. 
x2 ~ 11.010 

x2 ~ 12. s~2. 

x2 = ~o ~ e)2 

where o = observed frequencies 

e = expected frequencies 
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Table XVII 

Chi-Squared Test of Difference in Frequenci Distribution 

Between 1963 - 1968 and 1968/9 

(Accumulation Seasons) 

11 0bserved 11 11 Ex:eected" 

Air- Rainfall* Frequencies Frequencies X 2 

Tuii0. 1968/9 1968/9 -flow 1963-8 1963-8 Value 

A1 0 60 8 57 11 
0.10-6 .34 34 9 36 7 3 . 017 6.35-12.69 16 5 18 3 

:> 12. 70 29 4 28 5 

A2 0 76 19 73 19 
0. 10-6 .34 83 22 83 22 
6.35-12.69 52 10 49 13 3.329 12.70-19.04 27 10 29 8 

19.05-31.74 52 10 49 13 
> 31 • 75 30 11 33 8 

A3 0 136 21 134 23 
0 .10-6 . 34 59 10 59 10 

3.446 6.35-1 9 . 04 28 9 32 5 
> 19 . 05 40 5 38 7 

A4 0 121 15 117 19 
0.10-6 .34 36 4 35 5 8.900 6.35-12.69 12 5 15 2 

>12.70 31 8 34 5 

* Significance Level is 5% or less 

+ n = Degrees of Freedom 

* The class interval of 6. 34 mm has been doubled in some 
in order to obtain sufficient frequencies for testing 

when n = 2 x2 ~ 5.991 when n = 3 x2 

when n = 4 x2 ~- 9 . 488 when n == 5 x2 

~ 

~ 

Sig-
nifi-

n+ canoe 

3 N .S. 

5 N.S. 

3 N.S. 

3 <2!/o 

instances 

7.815 

11.070 

compared with the mean for the period from 1963 to 1969, was not as great 

as the difference in intensity between the A1 airflows in the respective 

periods, of 3.6 mm. Nevertheless, the ablation season figures of rain-

fall intensity, in Table XV, most definitely confirmed the difference 

between the A2 frequencies in the two periods. The 1968/9 intensity of 
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Table XVIII 

Chi-Squared Test of Difference in Frequenci Distribution 

Between 1963 - 1968 and 1968L9 

(Ablation 

"Observed" 

Air- Rainfall* Frequencies 

flow Toriil 1963-8 1968/9 

A1 0 42 6 
0 , 10-6 .34 24 8 
6 .35-25 , 39 38 3 
> 25 .40 18 2 

A2 0 83 30 
0.10-6 .34 78 20 
6.35-19.04 54 4 

19.05-25.39 13 4 
) 25 .40 32 5 

A3 0 184 39 
0.10-6 .34 66 9 
6.35- 12 .69 27 4 

12.70-25.39 22 6 
> 25.40 26 4 

A4 0 139 22 
0.10-6 .34 27 8 
> 6 .35 39 5 

¾ Significance Level is 5% or less 

+ n = Degrees of Freedom 

Seasons) 

"Expected" 
Frequencies 

1963-8 1968/9 

42 6 
28 4 
35 6 
17 3 

91 22 
79 19 
47 11 
14 3 
30 7 

187 36 
63 12 
26 5 
24 4 
25 5 

137 24 
30 5 
38 6 

x2 
Value 

6.700 

10.5~ 

2.744 

2.399 

* The class interval of 6.34 mm has been doubled in some 
in order to obtain sufficient frequencies for testing 

when n = 2 x2 ~ 5.991 when n = 3 x2 ~ 

when n 4 x2 ~ 9.488 when n = 5 x2 a?! 

Sig-
nifi-

n+ can~e --

3 N.S. 

4 < 5% 

4 N.S. 

2 N .S. 

instances 

7.815 

11 • 070 

4.6 mm was just over half as intense as the precipitation of 8.6 mm 

associated with the A2 airflows in the overall period from 1963 to 1969. 

From the above it appears quite certain that one of the 

principal reasons for the prolonged and intensified accumulation season 

in 1968/9 was an increased amount of precipitation accompanying divergent 
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airflows f rom the north, north-east, east and south-easterly quadrants . 

These norma lly f a irly stable a irflows must have had accelera t ed dewpoints 

as a result of lowe r than normal temper atures in s ever a l months of t he 

ac cumulation season. The snowfall f r om the east and south-easterly 

quadrants in pa rticul ar , as indicated in Chapter 2, Part II, would have 

l ed to a greater accumula tion than would normally have been precipitated 

by a irflows from the direction of t he prevailing winds. 

The reduced effectivenes s of the ablation season appeared to 

have been t he result principally of an increase in the frequency of south, 

sout h- wes terly, westerly and north-wes terly airflows, which were not 

associated with r a in (s ee Table XVIII) . A reduction in preci pita tion 

from the wes t and north-westerly quadrants could be explained by a 

decreased frequency of tropical cyclones and this would have led t o a 

r eduction i n the contribution of l at ent and sensible heat . 

Before going further into an expl anat i on of the r esults of the 

above observations, it was deemed necGssar y t o indicate which airflow 

types had the gr eatest association with rainfall in both the accumulation 

and ablation seasons . As in t he pr evious t ables, wher e preci pitation 

has been correla ted with a irflow types , the daily 

precipitation at The Chateau, as r ecorded on the st anda rd Meteorological 

Office form, was associated with the surface l evel synoptic conditions 

read from micro-filmed charts prepared by the Commonwea lth Bureau of 

Meteorology in Australia at 1100 hrs G.M.T. This time corresponded with 

0000 hrs N. Z.S.T., approximately three hours before the time at which the 

rainfall was recorded at The Chateau Meteorological Station. For the 

analysis of the frequency and intensity of rainfall associated with the 

major airflow types s ee Appendix I, 



138. 

Table XIX 

Association of Airflows with and without Rainfall for the 

Accumulation Seasons 1963 - 1969 

"Observed" 
Days 

With­
Air- With out 
flow Rain Rain 

97 
307 

97 
151 

97 
96 

307 

151 

307 

96 

151 

96 

68 

92 

68 

157 

68 

136 

92 

157 

92 

136 

157 

136 

"Expected" 
Days 

With­
With out 
Rain Rain 

118 

286 

86 

162 

80 

113 

259 

199 

255 

148 

141 

106 

49 

113 

79 
146 

85 

119 

140 

109 

144 

84 

167 

126 

x2 
Value 

Sig­
nifi­
cance 
Leve l 

18.94 ( .1 % 

4 .11 < 5% 

11.72 < .1% 

59.31 < .1 % 

80 .49 < .1% 

3.07 N.S. 

Coeff. of 
Contin-

g(~)y 

0.180 

0.092 

0.1 69 

0.278 

0 .113 

0 . 075 

Rank Based 
on Diff. 
Between 
Airflow 

Pairs 

2 

5 

3 

4 

6 

Table XIX indicated that for the six-year period from 1963 to 

1969, for the accumulation season, the differences in frequency and 

intensity of rainfall between the airflow types was greatest between A2 

That is, A2 a irflows had a much higher association with rain 

than A3, while the difference between A1 and A2 airflow types, though 

somewhat less pronounced, was nevertheless mathematically significant 

when tested by the Chi-Squared Test. The only airflows which were not 

ass ociated with rain and non-rain days in a manner which allowed them to 

be considered as significantly different and distinctly separate were the 

A3 and A4 airflows. All the other airflow types showed associations 
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Table XX 

Association of Airflows with and without Rainfall for the 

Ablation Seasons 1963 - 1969 

"Obse rved" 
Days 

With­
Air- With out 
flow Rain Rain 

92 
210 

92 
162 

92 

79 

210 

162 

210 

79 

162 

79 

48 

113 

48 

223 

48 

161 

113 

223 

113 

161 

223 

161 

"Expect ed" 
Days 

With­
With out 
Rain Rain 

91 
21 1 

68 

186 

63 

108 

170 

202 

166 

123 

149 

92 

49 
112 

72 

199 

77 
132 

153 

183 

157 

117 

236 

148 

x2 
Value 

Sig­
nifi­
cance 
Level 

0.02 N .S. 

23.03 {.1% 

37. 08 (.1 % 

5.20 2.5% 

Coeff. of 
Contin-

g(~)Y 

0.006 

0.204 

0.300 

0 .220 

0 . 200 

0 .090 

n = 1 in all c&ses (Degrees of Freedom) 

when n = 1, x2 value~ 3.841 to be significant 

C = ~ Contingency Coefficient 
~ 

(These values of n and the formula for C, apply 
to Table XIX also.) 

Rank Based 
on Diff. 
Between 
Airflow 

Pairs 

6 

3 

2 

4 

5 

with rainfall and non-rainfall days which were significant enough to 

warrant their treatment as separate weather types. 

For the ablation season A1 and A4 airflow types on the 

Coefficiency Contingency Test had the most signifi-0antly different 

association with rain and non-rain days of the six possible combinations 
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of airflow types (s ee Tabl e XX). Only airflow types A1 and A2 were 

shown to exhibit insufficient mathematical differ ence to warrant considera-

tion as sepa r at e airflow types. This meant, in ef fe ct 9 tha t with r ega rd 

to precipitation in the ablation season, the treatment of A1 and A2 

airflows a s s epa rat e weather type s was not justified. Likewise A3 and 

A4 in the accumulation season 9 for the purposes of intens it y and frequency 

association with pr ecipitation, were not sufficiently differ ent to warrant 

consideration as separate synoptic weather types. 

The analysis of the meso-sca l e wea ther has indicat ed that even 

with the broad weather types used in this clas sification significant differ­

enc es in thR patt ern of thes e weather types emerged be t ween the normal 

pa tt ern (as displayed by the 1963/4 to 1967/8 period) and that for 1968/9 . 

The analys i s of the meso- scale weathe r has shown that, when 

1968/9 was compared with the years f rom 1963/4 to 1967/8, s ignificant 

differences emerged which indica t ed that the broad weather type s selected 

we r e sufficiently different for a ll but two sets of ca tegories (A3 and A4 

in the accumulat ion season , and A1 and A2 in the ablation season) to 

record statistica lly significant differ ences in applica tion of the Chi-

Squared Test. The failure of any significant difference to have 

appeared between these two s ets of a irflows appeared to have been the 

result of abnomal frequencies and intensities of rainfall associated 

with the A4 and A2 a irflow types in the 1968/9 budget year. In the 

accumulation season of 1968/9, A4 airflows were shown in Table XVII to 

have had abnormal associations with and without rain. These Wf?.re 

sufficiently large to have given rise to a statistically significant 

difference from the normal association patt ern in the period from 1963/4 

to 1967/8. Likewise, in the 1968/9 ablation season (see Table XVIII), 
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the A2 airflows we re associated with rain and non-ra in days in a manner 

which was significantly different from the norm for the five-year period 

from 1963/4 to 1967/8 . 

Conclusions 

As suspected, varia tions in the ac cumulation season pattern 

we r e also r egi ste r ed in the abl ation seas on . The a ccumulation season 

contributed to a gr ea t er than normal mass input and hence an abnormally 

high operating ma rgin. The principal factor contributing to this 

abnormal condition seems to have been an increas ed proportion of subsiding 

a irflows originating from high pressure systems to the s outh of Mt ·Ruapehu. 

The lower than norma l temperatures in the l atter months of the accumula­

tion season must have l ed t o acce l er ated dewpoints and a consequent 

increase in the pro po rtion of the preci pitation fa lling as snow . 

The abno rmally large accumula tion in 1968/9 and the 

exceptionally long accumulation season, operated t o de l ay t he onse t of the 

ablation season and reduce its normal intensity . This condition was 

accentuated by the r educed frequency of r a in-bearing airflows originating 

from cyclonic conditions to the s outh of Mt Ruapehu in the ablation 

season . The effect of this l att er condition was to reduce the importance 

of latent and sensible heat in the ablation process. Furthermore, the 

increased conditions of low cloud, unaccompanied by rain (see Table XVIII, 

airflow type A2 showing differences between "observed" and "expected" 

frequencies with "No Rain" and in the 6.35-25 . 39 mm rainfall groups), 

must have acted to reduce the amount of effective insolation available, 

thus mitigating the role of r adiant energy as a factor in the heat budget . 

The net result of all these factors must have been: (i) a 
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/ / 

decrease in the normal r a te at which the large reserve of in situ neve 

wa s abladed; ( ) / / ii a reduction in the amount of gross ablation of the neve 9 

and (iii) because of the greater than normal amount of nev[ available for 

ablation much of the nevt was pr eserved and remained t o become firn . 

Footnotes 

1 . and 2. Defined by the Tongariro National Pa r k Board in instructions 

t o Park Board pe r s onnel on the presentation of winter sno·.v reports . 

3. Lamb ' s system of classification, in giving prominence to the 

direction of the windstream, takes account of the singularly most 

important factor in local weather ; namely or ography . Reference t o 

the pos ition of the pressure systems and their paths rela tes the 

weather types to t he at mos pheric circulatory patt ern . Finally 9 the 

use of a small ove r a ll number of wea ther types g ives a l arge number 

of sampl es fo r ea ch type of condition 9 which is essentia l in 

statistical cons iderations. 
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TRENDS AND TENDENCIES 
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In the pr evious two chapters t he abnormality of the 1968/9 

glacie r r egime was established, in t er os of bc~h behaviour a nd climat e . 

In t hi s chapt er the future of the glacier i s examined in terms of the 

trends and t endenc i es in its state of health. This was best a ccomplished 

by examining pas t and present trends in easily measured meteorological 

parameters and ana l ys ing them in terms of probable climatic cycles. The 

first aim was to establ i sh climatic means and a s ses s the deviation of 

yearly values from these means ~ and the second ai m was t o ca lcula t e 

regression lines so that overall trends could be establ ished , along with 

t he percent age variations of the individual yea rs about these trends. 

For all these a na l yses, data covering the twelve-year peri od f r om 1957/8 

to 1968/9 we r e examined. 

Deviations from Means 

The firs t feature to eme r ge from a cons ider a tion of the devi a­

tions of total yearly rainfalls from the t welve-year mean was a gene r a l 

upward trend ( see Fig.1 8a ), though with marked fluctuations from year to 

year towards increased rainfall, reaching a peak in 1964/5. After this 

year there was a genera l but far from consistent reduction of r ainfall 

totals, up to 1967/8 . Against this latt er trend there was the above 

normal 2,923 mm of precipitation in 1968/9, which caused the tail of the 

graph to bend upwa rds. The patterns for the accumulation and ablation 

seasons, taken separately, we re fairly closely reflected in the graph 

for the yearly figures, but did not completely mirror it. First, in the 

accumulation seasons the highest rainfall total occurred in the 1964/5 
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hydrological yoar which was the same as for the full hydrological year 

totals, but the highest r ainfall total of the twelve ablation s easons 

occurred in 1965/6 ( s ee Table XXI c ). While in all three time 

int ervals (hydrological yea r, accumulation season and ablation s eason) 

a period of we ll above aver age fi gur es was r ecorded in the mi d-1 960s 

(s ee Tabl e XXI a j band c), the r e was considerable disharmony in the 

duration and yea r of inaugur ation of this period . From the graph 

show ing full hydrological yea r r ainfalls ( see Fig.1 8a) it can be s een 

that above ave r age yea rs we r e r egister ed from 1962/3 to 1965/6, while 

totals of comparable s i gnificance in t~e accumulation s easons ext ended 

from only 1962/3 to 1964/5. The ablation season figures illustra t ed an 

even gr eat er deviation . Above aver age figures occurred in 1958/9 and 

aga i n in 196 1/2 bef or e a sust a ined period of above aver age figures 

l asting f rom 1963/ 4 until 1966/7. This peri od of four consecutive 

gr eat er-than- aver age yea r s began and t e r minat ed one yea r l a t er than the 

period of above aver age years for the full hydrological yea r tota ls (see 

Tabl e XXI a and c). 

Wi t h r egard to average t empe r a tures , the r e l ationship between 

the three s ets of figures appea r ed t o be much more integrat ed and the 

graph showing the aver age temperatures for the full hydrological years 

(s ee Fig.18b) was fairly r epres entative of conditions in both the a ccumu-

lation and ablation seasons. The trends, however, we r e not nea rly so 

clear as in the patt ern for total r a infalls. In the case of mean 

temperatures the exceptional years of 1957/8 and 1958/9 wer e clea rly 

apparent and, aft er a rapid drop towards below average conditions, the 

graph recover ed to about average conditions for three years from 1961/2 

to 1963/4, before dropping again, with rather large below average 
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Table XXI 

Yearly Variations about Means-Rainfall and Temperature 

(a) Full Hydrological Years 

R.F. 

Iffj 
Running 

Mean 
Av . 

fil_ 
Running 

Mean 
(x - b) L(x - b) Year (3yr) (x - a ) L(x - a) (}"yr) 

1957/58 1929.9 
1958/59 2484. 1 
1959/60 2357 .1 
1960/61 2521.4 
1961/62 2306.0 
1962/63 3144,5 
1963/64 2903.2 
1964/65 3788 .9 
1965/66 3080 .5 
1966/67 2574.0 
1967/68 2550.4 
1968/69 2923.5 

2257.0 - 783.6 - 783.6 
2454.1 - 229.4 -1013.0 
2403.3 - 356.4 -1369,4 
2 6 5 7 • 3 - 1 9 2 • 1 - 1 56 1 . 5 
2784.6 - 407 .5 -1969,0 
3257.5 + 431 .o -1538.0 
3020.7 + 189.7 -1 348,3 
3147 .8 +1075.4 - 272.9 
2734 ,8 + 367.0 + 94.1 
2682.5 - 139.5 - 45.4 

11.4 
1 o. 7 
7. 1 
7.4 
8. 1 
7.8 
6.9 
6.8 
7.0 
6.8 
7.4 
6.5 

9.7 
8.3 
7.5 
7.7 
7.8 
7.4 
7.2 
6.9 
7. 1 
7.0 

- 163.1 - 208.5 
+ 209.5 + 1.0 

Mean R.F. (X) = 2713,5 mm Mean Temp. 

1957/58 905 .5 1083,5 
1958/59 1039,3 1215.6 
1959/60 1305 .8 1248. 6 
1960/61 1302. 0 1452.6 
1961/62 1138.1 1525.5 
1962/63 1918.2 1870 .7 
1963/64 1520 . 4 1690 . 3 
1964/65 2173~9 1604.7 
1965/66 1376. 9 1343, 1 
1966/67 1263.4 1475.2 
1967/68 1389 .1 
1968/69 1773 .6 

Mean R.F. (X) = 

1957/58 1024,3 
1958/59 1445.5 
1959/60 1051.8 
1960/61 1067 .o 
1961/62 1320.3 
1962/63 1227.3 
1963/64 1383.2 
1 96 4/ 6 5 161 2 • 4 
1965/66 1703.5 
1966/67 1310.6 
1967/68 1161.2 
1968/69 1149.0 

Mean R.F. 

1173,7 
1187. 9 
1146 .3 
1204.7 
1310.1 
1407.6 
1566.4 
1542.0 
1391.6 
1207.2 

(x) = 

(b) Accumulation Seasons 

- 519.9 - 519 . 9 
- 386.0 - 906 .0 
- 119.6 -1025.6 
- 123.4 -1149 .0 
- 287.7 - 1436,3 
+ 492.7 - 943.6 
+ 94.9 - 848.6 
+ 788 .5 - 100.0 
- 48.5 - 148 .6 
- 162.0 - 310 .6 
- 36.3 - 346.9 
+ 348 . 2 + 1.2 

1425.4 mm 

8 .5 7.0 
8 . 9 5.8 
3 ,9 4.1 
4.5 4 .7 
4.4 4.8 
5.3 4.7 
4.7 4.1 
3,9 3,9 
3.8 4.1 
3.8 4 .0 
4 . 6 
3°7 
Mean Temp. 

(c) Ablation Seasons 

- 261.6 - 261.6 14.3 12.5 
+ 159.5 - 102.1 12~5 10.9 
- 234.1 - 336.3 10.4 10.6 
- 218.9 - 555.2 10.2 10.6 
+ 34.3 - 520.9 11.2 10.3 
- 58.6 - 579.6 10.3 9.7 
+ 97.2 - 482.3 9 .2 9.7 
+ 326.3 - 155.9 9 .6 9.9 
+ 417.5 + 261.6 10.3 10.3 
+ 24.6 + 286.2 9.8 9.9 
- 124.7 + 212.3 10.7 
- 136.1 + 76.2 9.2 

1288.o mm Mean Temp. 

+3.5 +3,5 
+2 .8 +6 .3 
-0. 7 +5 .6 
- 0 . 5 +5. 1 
+0.2 +5 .3 

O +5.3 
- 0 .9 +4,3 
-1.0 +3.3 
- 0 .8 +2 . 4 
-1. 0 +1.3 
-0. 5 +0.8 
-1 .4 -0.5 

(x) = 7 .s0 c 

+3,5 +3,5 
+3. 8 +7 .3 
-1 • 1 +6. 2 
-0,4 +5. 7 
- 0 . 5 +5. 2 
+0 . 2 +5,4 
- 0 . 3 +5, 1 
-1.0 +4.1 
-1 • 2 +2. 9 
-1.2 +1.7 
-0,4 +1 .3 
-1.2 0 
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(Y) = 10.7°c 
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deviations from 1964/5 to 1966/7. This slight downward trend was inter-

rupted by only average, or near average, conditions in 1967/8. 

"Running" Means 

The trends and relationships portrayed by Figure 18c and d and 

Table XXI, showing deviations from the means, were not nearly as explicit 

as those in which the three-year "running" means were plotted, for the 

fluctuations in the graphs of these figures were not nearly as pronounced 

as those showing straight deviations, and this made for much easier 

comparisons. Figure 18c, showing the three-year "running" means for 

total annual rainfall, illustrated an almost cyclic trend . From a 

trough in 1957/8 the graph showed a steady, and at times rapid, rise 

(except for 1959/60 ), r ea ching a peak in 1962/3 . Since then the trend 

ha s been once more in a downwa rd direction. Apart f rom displacements of 

the peak va lue to 1963/4 for the ablation seasons (see Table XXIc) 

the pattern was pretty much as displayed in Figure 18c for the full 

hydrological yea r r a infall totals. 

"Running" means for temperature data showed a much lesser 

degree of ha rmony. The pattern for the accumulation seasons showed 

decreasing temperatures up to 1960/1 when an inverted "V", depicting a 

superimposed crest, interrupted the pattern which continued on its down-

ward trend after 1964/5 (see Fig.18d). While the superimposed crest in 

the temperature data for the hydrological years spanned only two years 

from 1960/1 to 1961/2, the pattern otherwise displayed trends similar to 

those in the accumulation seasons (see Table XXIb). Once again it was 

the pattern for the ablation seasons which showed the greatest disparities. 

Apart from the occasional levelling off, the trend in mean temperatures 
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was downwards until 1964/5, when the superimposed crest showed a short 

upward t endency before dropping again to the 1964/5 value. 

Cumulative Deviations 

It appea r ed that, with regard to both of thes e climatic 

elements, the pattern which was displayed in the accumulation season was 

reflected a full yea r l ate r in the ablation season. The overall pattern, 

however, as depicted in the data for the full hydrological yea rs, more 

closely resembled the pattern for the accumulation seasons than that for 

the ablation seasons. Thi s r elationship appea red again in the graphs 

showing the cumula tive deviations from the mean. Parts (a) and (b) of 

Figure 20, depicting the cumulative devia tions f rom the mean by the 

accumul ation seasons, showed a much clos er resemblance to their counter­

parts in Figure 19 for the full hydrological yea rs than did the ablation 

seasons (Fig.20 c and d). In both these figures above ave r age va lues 

were indicated by an upward trend of the graph while below average figures 

were illustrated in a downward trend. The steepness of the curve 

indicated how much f ast er or slower the trend was occurring, from one 

year to the next. 

In terms of the rainfall in the ablation seasons, then, the 

most rapid increases appear to have occurred between 1962/3 a nd 1964/5. 

A similar trend was apparent in the accumulation seasons a nd hydrological 

years, although the increase was registered in both ca ses between 1961/2 

and 1965/6, i.e. over five years instead of only three as in the ablation 

seasons. While the increasing rainfalls were pronounced in all three 

periods, the accumulation season and hydrological yea r patterns were the 

most similar. After 1964/5 the trend in ablation season rainfall totals 
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towards below average conditions was much less pronounced. It was 

significant that in both the a ccumulation sea son and hydrological year 

graphs of total rainfall, there was a sharp upward trend in 1968/9, indi­

cating above ave rage conditions, while the ab l ation season graph equally 

as well depicted the markedly below average t endency in 1967/8. 

The graphs of mean temperature for the accumulation and 

ablation seasons (see Fig.20) did not exemplify the same degree of 

difference between the periods, as did thos e for rainfall. While the 

accumulation season gr aph again most closely depicted the picture for the 

complete hydrological year, it was not greatly different from the pattern 

for the ablation season. Perhaps most noticeable was the consistency of 

the downward trend in ave r age temperatures, at l east after 1962/3 . On 

the basis of t emper ature, t hen, the immediate future seemed likely to 

bring further cool ing and a trend towa rds colder conditions but, since 

these gr aphs considered only the relative trends and not the abso lute 

values for each year, it was impossibl e to indicate just how r apidly this 

trend was occurring. 

Regre ss ion Coefficients 

For a true indication of trends and the yearly fluctuations from 

such a trend, regression lines were constructed. In all cases the 

regression was a straight line regression of one variable-either 

temperature or rainfall-over a period of twelve years. The great 

advantage of these lines was that they expressed the overall trend 

throughout the period and allowed the yearly degree of fluctuations about 

the trends to be calculated. In all the examples presented the assump-

tion was that the regression line gave the closest approximation to the 
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r el a tionship tha t would occur in each successive yea r if a regula r r el a­

tionship exist ed bet ween the climatic element being t ested and the time 

period over which the study wa s m& de . (See Appendix III f or t he 

ca lculation of thes e va lues .) 

An examination of the r egr ession lines for the full hydrologi ca l 

yea rs ( s ee Fig . 21), which conta ined the va·lues mos t closely r el a t ed to 

the r egi me of the gl acier, sho~ed t hat for ever y yea r change ther e would 

be a change of +70 . 10 mm i n r a infall and a - 0 .31 °c change in tempera ture . 

In t erms of a ccumulation s easons the pattern was similar with a 

t emper ature change ea ch year of 0.30°c and a change in r a infall of 

+46 . 2 mm ( see Fig .22) . In the ablation seasons , however, t he trends, 

t hough i n simila r di rections , wer e of quite diffe r ent ~&gnitudes ( see 

Fig . 23) . Rainfa ll s howed a yea rly change of +7 .28 mm while t emper ature 

changed by - o . 517°c. In as much as t he past , as r ecorded i n t hese 

gr aphs, wa s of only a ver y limited duration (twelve yea rs), postulations 

a s t o t he future could only be suggest ed a long ver y general lines and 

t hen only i n t er ms of t he experiences of t he past t welve yea r s . The 

bes t indication of the r eliabilit y of any s uch pos tulations was the "best 

estimat e " of t he Coeffici ent of Variation of the s ampl e , from the 

r egr ession line. These values we r e obta ined by calculating the differ ence 

between the observed values a nd the expected values (see Appendix IIIb). 

In Table XXII the variability was likely to have been introduced 

a s a r esult of local variations in climate and also a s a result of the 

influence of the glacier upon its own climate . Thes e were much great er 

in respect to rainfall totals than in the corresponding periods for 

temper ature, hence postulations regarding fut ure tempera ture trends, 

based on the regression lines, should be more reliable than similar 
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Table XXII 

Variability of Rainfall and Temperature, 1968/9 

Period 

Full Hydrologica l Yea rs 

Accumulation Seasons 

Ablation Seasons 

% Variation of 
Rainfall 

46 . 21 
69 .60 

52.34 

% Variation of 
Temperature 

4, 21 

7.64 
3.58 

postulations about r a infall. Since the percentage deviations in the 

accumulation season were much greater than in either of the other two 

periods, it was likely that the effect of the glacier upon the local 

climate wa s more pronounced in this season than in either the ablation 

seasons or the hydrologica l years seen as a whole . 

Correlation Between Rainfall and Temperature 

Al l the gr aphs demonstrating rainfall and tempe rature trends 

have 2dded substance t o the belief that in most climates these two 

parameters are in some way related. The extent to which one of these 

elements wa s likely to have produced an effect in the other would doubt­

less have been increased by a kno~·Jledge of the degree of correlation 

exist ing between them. 

are directed. 

It is to this end that the following workings 

The degree of correlation between rainfall and temperature was 

obtained by substituting the values from Appendix IIIa in the Product 

Moment Correlation Coefficient Formula, This gives the value 

r = i(-322.11) 
2.935 X 18 .363 

= -0.513. 

This figure indicated that there was a negative 

correlation between the rainfall and temperature data over the period 
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from 1957/8 to 1968/9. I t signified, moreover, that 26,314 percent of 

· the variations in r a infa ll data cnn be explQined from temperature data. 

This value i s known as t he Coefficient of Det ermination and is calculated 

using t he formula in Appendix IIIc. Then, substitut ing in this formul u 

- 0 . 51JJ10-2 
t 

= J 1 - ( -0 • 5 1 3 ) 2 

-1.622 
= r,:::;-;:;-: 

'10,74 

= 1.8856. 

The value of t is significant just outside the 5 percent l evel which 

means tha t there was a f a irly low probability that more than 26 percent of 

the variations in rainfall could be exp lolnQcl from the ava ilable 

temperature data f or the same period. 

Apart from sugges ting the accura cy with which future trends in 

r ainfall- and temperature could be pr edicted, this chapt er has demonstra t ed 

one other salient feature which may be mentioned in conclusion. It 

appears from the available evidence that ther e was a stronger association 

between the accumulation patt erns and t he overall pattern for the full 

hydrological years than ther e was between the latte r and the ablation 

seasons. An opposite association was, however, reported by Hoinkes (1968) 

after consideration of the behaviour of European glaciers from the l a t e 

eighteenth c entury up to the present . He believed tha t emphas is should 

be put "on weather conditions during the ablation s eason because they a r e 

considered more important for glacier welfare than weather conditions 

during the accumulation season", a lthough every writer agrees with Sharp's 

G:ontention that "accumulation is the life-blood of a gla cier" ( 1960) . 

Apparently the Whakapapanui Glacier, in 1968/9, was much like the glaciers 

on the Pacific Coast of North America, which have had active regimens for 

most of the 1960s. 
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COMPARISON OF THE WHAKAPAPANUI WITH SELECTED WORLD GLACIERS 

In this section an cttempt has been made t o demonstrate the 

similarities and differences th~t exist between the Whakapapanui and 

other glaciers , particularly those with similar locational charact eristics. 

Climatic Inferences from Location 

Table XXIII contains the loca tion and assoc i ated characteristics 

of ten glaciers ranging in extent from polar t o temperate climates . The 

Whakapapanui was very small by comparison with these glaciers , only one of 

which, the Fedchenko, had a s i mil6r latitudinal location . The f act that 

it was s itua ted in the Northern Hemisphere in the middl e of the As i an 

Continent Meant that the latitudinal parallels had little bearing on the 

types of climates characterising tte t wo gl acie r s . Continental l dnd 

masses set up cl i mat ic extr emes and these frequently destroy latitudinal 

surface level a nalogies between the climates of the two hemispher es , 

Mo r e significant was the r elative proximity of the glaciers to the sea , 

f or t his factor, together with the dir~ction of the pr evailing airstreams, 

greatly influenced the "continentality" of the r espective climates . The 

climate of Mt Ruapehu was conditioned by a number of quasi- continent a l 

characteristics such as its inland location and considerable e l evation, 

but these were a ttenuated somewhat by Mt Ruapehu ' s exposure to the 

prevailing maritime westerlies . Like the Blue Glac i er, which is 

dominated by a temperate maritime climate (La Chapelle, 1959) , the 

Whakapapanui had a very high mass turnover with a large income and a 

rapid wastage of mass . 

As mountain glaciers, both the Blue Glacier and the Whakapapanui 

Gl acier could expect fairly low r at es of evaporation, an aspect of climate 
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which is relat ed to the lapse rate dnd the r esulting rather cool tempera­

tures . The Blue Gl ac i er was , however, large r in area by a factor of 102 

and while this may have meant thcit the influence of the glacier on it s own 

climate was somewhat greater than for the Wha kapapanui, it was believed to 

have been l ess i mport ant t han the differences in elevation above sea level. 

Table XXIII 

Geogr aphic Posit i on? Ar ea and Elevation of Selected Gl aciers 

Approx . E9.uilib -
ApErox . Elevation rium line Distance 

Ap:12rox. Ar ea Snout ~ m~ Altitude from Sea 
Glacier Location km2 a . s.l. ~m} 1228 Ifuiil 

Blue 48°N 124°W 4 .2 2050 1700 50 

South Cascade 48°N 121°w 2 . 6 2090 

Gilman 80°N 75°W 481 1200 0 

Fedchenko 39°N 72°E 4900 1,300 

Hodges 54°S 37°W 0 . 27 360 500 1 

Whaka pa panui 39°s 175°E 0 . 037 2273 )2797 104 

Orwell 61°S 46°W 0 .475 20 11 0 0 . 4 

Salmon 56°N 130°W 1700 320 

Barnes 70°N 72°E 865 150 

Sveanor 79°N 18°E 5 6 

Although the Blue Glacier extended over a gr eater el evation, being over 

t we lve times l onger than the Whakapapanui, a considerably gr eater portion 

was be low 2,200 m than above it (based on the elevat ion of the firn line 

and the net budgets of t he Blue Glacier). This differ ence in a r ea l 

distribution was likely to have resulted in t he r educed import ance of net 

radiation in the ablation on the Blue Glacier. 

Tabl e XXIV, which conta ins a breakdown of the relative i mport­

ance of the various heat sources to the abl a tion, shows r adiation as 

accounting for 69 percent of the ablation on the Blue Glacier. When 



161. 

Table XXIV 

Importance of Radiation to the Abla tion of Se l ect ed Glaciers 

Conduction 
Gl ac i er Radiation and Convection Condensat i on 

Blue 69% 25f 6% 

Salmon 75% 15% 10%'. 
Barnes 68% 2CJ-%: 12%, 
Hodges 35% 35% 3Cffc 

Sveanor 24% 58·{r 18% 

this tabl e was int er preted in c onjunction with Tabl e XXIII it was 

appa r ent tha t the importanc e of r ad i ation increased with an increase in 

e l eva tion above sea l evel, together with i ts di stance f r om the sea . 

This r educed the amount of incident radiation at t he glac i e r surface to 

low l evels for long periods of time, while the a lbedo of fr esh snow under 

these conditions of diffus e illumination was gene r a lly about 0 . 9, which 

meant that the eff ectiveness of the r adiat ion was greatly r educed (La 

Chapelle, 1961) . Whil e wi nter ha ilstorms occurred in the wake of cold 

fronts, the Whakapapanui Glaci er did not experience an excess of such 

conditions nor did it experience the same degre e of cloud as did The 

Chat eau . Garnier (1957) set the winter average for The Chateau at l ess 

than 100 hours of cloud per month, but since a l arge proportion of this 

total was low stratus cloud , the skies above t he Whakapapanui Gl acie r 

were frequently cloud free (see Plate 10) . Rather high mid-day tempera-

tures ( 1 o0 to 15°c) were recorded even during the wint er season a t this 

elevation (2,273 m). While snowfalls were quit e frequent on t he glacier, 

me lting of the surface and dens i fi cation of the neve was r apid, and t his 

act ed to lowe r the a lbedo a nd increase the absorption of solar r adiation. 

On the Blue Glacier, however, the energy availabl e from solar r adi a tion 
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during the mid-wint er months was neglig ible (La Chapelle , 1961). Unde r 

fair weather conditions dur ing the summe r months , however, condensation 

pr eva iled during the day and evaporation at night . 

The rol e of l at ent heat in t he ablation process was quite 

pr onounc ed on the Whakapapanui, especia lly s ince the ablation season 

accounted fo r appr oximat ely 50 pe rc ent of t he annua l pr ecipita ti on 

r ecorded at The Chat eau. In vi ew of the above conditions it seemed 

like l y that sol a r r ~diation and condensation may have account ed for a 

higher proportion of the ablation on the Whakapa panui Gl acier than 

r ecor ded on the Blue Gl acier, whi l e tho r ole of s ensible heat , by the 

same t oken, mus t have been pr opo rtionate l y l ess significant. 

The Fedchenko Gl acier, which hc:.d a ver y similar l atitudinal 

loca tion as the Whakapapanui ( except that it was located i n the northern 

hemi spher e ), appea r ed to have a r adiati on r egi me akin, i n many ways, to 

the Whakapapanu i Gl ac i er. In the 1958/9 budget yea r it was characteri sed 

by a huge rieltwat er runoff a nd ve ry ma rked s easonal fluctua tions in the 

rive r volume . Situa t ed at t he wes t e rn end of t he Euro pean Al ps on 

Mt Stalina, it was over 1,300 km f r om the sea and with a fi r n line about 

5, 000 ma.s.l.rad i ation was like ly to have pl ayed a ver y dominant rol e in 

the ablation . 

Aspect 

One other f act or wa s likely t o have affect ed the sugges t ed 

difference in t he importa nce of radiation t o the abla tion of the Whaka­

papanui and Blue Glaci ers; namely, the differing aspects of the slopes 

which they occupied. 

Situat ed on the north-eastern slopes of Mt Olympus, north-weste rn 
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Washingt on, the Blue Glac i er i s classed mo r phologically as a va lley 

gli.ic i er. Not onl y, the r efore, was i t on the ubac slope , but for much of 

the time it must have been in the shadows creu t ed by the vall ey sides . 

Such a pos ition was like l y to have contribut ed t o the dimini s hed i mport­

anc e of net radiation in the ab l ation of the Bl ue Gl acier. 

By compa rison the Whakapapanui Gl acier was s ituctted on the 

northe r n adr~t slopes of Mt Ruapehu . The abs enc e of high va lley walls, 

and it s fairly expos ed pos ition, moreover, should have increa s s d the 

effectiveness of sol a r r adiati on; while the r educed cloud t hickness was 

likely t o have increased the s i gnificance of long wave radiation . The 

r educ ed inc i denc e and effectiveness of long wa ve r adi8tion on the Blue 

Gl acier meant that its influence on the r adia tion r egime was a l mos t 

negligible (La Chapelle , 196 1). Net radia tion on the Whakapapanui 

Glac i er was , as a cons eq_uenee, like l y to have been cons i de r ably more 

s i gnificant than on the Blue Gl acie r. 

Influence of Lo cation on Gl acio-Met eo r ology 

It was diff icult t o isolat e any one locationa l f act or and 

attempt t o ascerta in its effect on t he r eg i me of a gl acier. Howe ver , by 

selecting t wo ski fi e l ds at s i□il a r l a titudes, e l evations and dist ance 

from the sea, an a t tempt was made to establish the inf luence of aspect on 

f eatures of the glacio-me t eorology of Mt Ruape hu . The Whakapapa Ski 

Field, which wa s t he upper pa rt of the I wi kau Ski Fiel d , fac ed due north 

while the Turoa Ski Fie ld occupied the south- west ern slopes of Mt Ruapehu 

a nd hence was more on the ubac s ide of the mounta in . 

Figures 24 to 27, showing winter conditions on the two ski fi el ds 

for se l ected periods, exemplify the difficulti es in interpret a t i on . 
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WINTER CON DI TIO NS ON TH E TU RO A S K I F I E l D , 1 9 6 8 (Sept.- 0 ct.) 
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Unfortunately t em per a tures on the Whakapapa Ski Fi e ld wer G int erpolat ed 

froPJ The Chat eau r ecords using the l apsG r a t e and, as a conseq_uence , 'Ne r e 

likely to have been mitigated somewha t . For ins t ance maximum t emperatures 

in July and August we r e gene r ally highe r on the Turoa Ski Field ( s ee 

Figs.24 and 26), whil e a simila r pattern emer gGd ~hen the two ski fi elds 

we r e compa r ed in Sept ember c:. nd October ( see Figs.25 and 27). Apart fro m 

giving a somewhat misleading r el at ionship bet ween the maxi mum t emper atures 

and the state of the surfa c e , this dis pa rity was not thought to ha ve been 

of much cons eq_uenc e . In the overall differ enc es, the t empe rature r ange 

did, however, demonstra t e the diurnal t emper a ture r ange associated with 

the va rious wea ther conditions. The most obvious conclusion f rom th0s e 

A, 
figures was tha t tl,0 t empe r a ture r ange on both the ubac and adret slope s 

we r o hi gher unde r Bnticyclonic conditions than unde r cyc lonic conditions. 

On t he ubac slopas these conditions did not appeb r t o have bee n 

assoc i ated with a rise in t he skiable l evel t o the s a me ext ent as on t he 

adret s lopes. Further investiga tions showed that t his was partly due to 

the increased c l oud cove r ove r the ubac fi e ld . 

Similarly the influenc e of condensation on me lting appea r ed to 

have been gr ~ater on the Turoa Ski Fiold, e .g . October 7 to 10 , 1968, 

when, under conditions of high winds and wa r m rain, the skiable l evel was 

rais ed over 170 m (see Chapt e r 3, Part II). Surface conditions seemed 

to have been affect ed in a sil"lila r manner. Low cloud and associat ed fog 

conditions on the Turoa Ski Fie ld freq_uently l ed to hard.er surfaces, 

while the influenc e of strong weste rly winds often l ed to whit e out condi-

tions and crystalline surfaces. Such surfaces are particularly fast for 

skiing . Whe n clear weather prevailed, nocturnal cooling took place , but 

minimum t emper atures appea r ed to be persistently lower under such 
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conditions on the Whakapapa Ski Field. 

A further notabl e differ ence was that metamorphosis, resulting 

f r o::n the above factors, was some1.11Jhat s lowe r on the Turoa Ski Field so 

that surface neve densities we r e likely to have been lowe r than on the 

Whakapapa Ski Field . This would ha ve meant that the a lbedo was slightly 

higher, a si t ua tion which would have contribut ed to r educed ablation 

under anticyclonic conditions. 

lower on the Turoa Ski Fie ld. 

As a r esult the skiable l evel was oft en 

Stratigraphy a nd Crystallogra phy and Cold Wave Penetrat ion 

La Chape lle ' s experi enc es on the Blue Glacier in tho 1960s have 

shown that conditions of low cloud and fog during the wint e r imposed a 

unifom t empe r a ture regi me a t the snow surface and on the adjacent ai r 

and a t □ osphe ric mo i sture . Under such conditions long wave r adia tion wa s 

gr ea tly r educed and riming and hoa rfrost formations we r e pr eva l ent . 

Like t he Blue Glaci er, wint er snowfalls on th8 Whakapapanui 

0 0 normally occurred at t emper atures bet ween O and -5 C. La Chape ll e 

( 1961) report ed that "t he r el ative ly wa r o charact e r of the a ccumulat ed 

snow cov&r (on the Blue Gl3c i er), plus the insulating effect of the 

thickness attained by this cover in early wint er, prevent any strong 

cooling of the underlying firn or ice ." Thes e f actors, together with the 

downwards percolation of meltwater and r a in, hindered the fonia tion of 

deep t empe rature gradients (see Fig.28). Measurements in 1957/8, taken 

at the Snowdrome micro-meteorological station on the Blue Glacier, 

indicat ed that sub-freezing t emper atures penetrated to a maximum depth of 

4 m into the firn. Neve densities on the Blue Glacie r varied fl'Om 

approximately 0 .1 5 g/cm3 in the upper layers up to 0.50 g/cm3 in the basal 
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layer s and contained f ewer ice ba nds (Sharp , 1960) 9 indicating that a much 

great er proportion of air was trapped in this neve than on the Whakapapa-

nui Glacier. On the latter, nlvt densiti es varied betwe en 0 . 35 g/cm3 in 

the uppe r layers and 0 . 58 g/cm3 in the basa l l ayer s . The r educ ed 

prJportion of air in the n~v~ meant tha t it act ed as a bet t e r conductor 

and henc e could have been expect ed to have conduct ed the cold wave to 

great er depths . The pres enc e of ice bands down to depths of 10 m or more 

on t he Whakapapanui did not necessarily confirm the penetration of the 

cold wave to those depths, for t hes e ice ba nds may have been only buri ed 

surface meltsurfaces . 

The importance of meltwa t er in the densification of t ho 
the 

Whakapapanui can be s een in a compa ris on with/Greenland I ce Ca p . Lying 

beyond t he 60° pa r a ll el in t he Northe rn Hemispher e, i ts gr a in s t r uct ure , 

as a r esult of r educ ed melting and a s lower r a t e of r ecrysta llisation, wa s 

much smc:. ller. On the s urfac e t t e or de r of magnitude of individua l snow 

gr a ins wa s only 0 .1 mm acros s, while at 14 n depth t hey increas ed t o 2 mm 

(Bens on, 196 1) compa r ed with 2.5 to 5 mm gra ins in the u pper 30 cm of 

firn on the Whakapa panui. 

From ice cores taken on the Gilman Glacier a t el evation 1,040 m 

a . s.l . densities and gr a in sizes we r e found to vary according to the 

degree of soaking of the snowpack. With partial soaking of the snowpack, 

crystals va ried from 1 to 5 mm in diamet er and ice had a density of 

0.82 g/crn3 , while at the other extreme superimposed ice (0.87 g/cm3) 

crystals varied f r om 1 to 10 mm . The condition of the snowpack at the 

1,450 rn l evel was similar in many respects to the Whakapapanui at 2,273 rn . 

By the end of summer the neve on the Gilman Glacier had become completely 

soaked and was transformed into a basal ice layer overlain by coarse 
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grained firn (Hatt er s l ey-St:1 i t h , 1963 ). Despi te t hese s i milarities the 

firn s tratigra phy on t he Gilman Glacier wa s characterised by a n al□ost 

compl et e absenc e of ice l ayers be low 9.5 m, indicating t hdt the r e wa s 

virtua lly no riel ting beyond t hi s dept h, whereas me lting exi s t ed at l east 

down t o 11 m on t he Whakctpapanui Gl acier. 

Ne t Budge t s 

Va lid comparisons bet ween net budgets of g l acie rs we r e not 

poss i bl e fo r measurements we r e not ava ilabl e f or s ynchr onous budge t yea r s . 
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GENERAL CONCLUSIONS 

Short t e rm proj ections have been made conc e r ni ng the future of 

the Wnakapapanui Gl ac i er, but no overa ll assessment of i ts pending stat e 

of health has yet been made. 

The stat e of the gl acie r prior to the 1968/9 budget year l ed to 

the bel i ef tha t the gl ac i er was nea r ing the e nd of it s exist ence . The 

magnitude of the positive budget in 1968/9, however, toget her with the 

trends toward increased precipita tion and decreased t emperature , could 

have meant that a r e juvenation of glacial activity on Mt Ruape hu wa s 

imminent . Whether thi s tendency would be sustained or not depended 

essent i a lly on the pos ition of the fi rn line . Not until the fi r n line 

was again lowe r ed to the present l evel of the snout of the Whakapapanui 

Glacie r (2 , 273 m) , 2r ound t he entire mounta in, would t he r e have been any 

s i gnificant resurgence of gl a cia l activity . In the light of the evidence 

presented , this did not a ppea r t o be complete ly out of the question, but 

its l engt h of survival s eemed to depend on just how soon thi s would occur. 

If, however, downwasting c ompa r able in rat e t o the mid- a nd l a t e 195Os 

were to r es ume , then the glacier would be unlikely t o survive more than a 

f ew year s . 

In assessing the merit s of hydrologica l budget s tudies it must 

be r emembe r ed that only about 1 percent of the tota l ice on earth is 

stored in snow and g l aciers, even though most of this is stored in 

mountain glaciers (Hoinkes, 1968 ). With 99 pe rcent of the world ' s ice 

in pola r r egions, we cannot expect to discern the na ture and causes of 

glaciers from such localised and remot e measurement s as performed on the 

Whakapapanui Gl acier. Nevertheless , consideration of the wat er budget 



175. 

and its relationship with the meteo r ologic environment has, in the 

wri t er 's opinion, l ed to an increased understanding of the mechanics of 

the wat e r cycle as it aff ects and is affected by the glacier. 

While the size of the glacier was somewhat prohibi t i ve to 

experiments intended to r elat e the general meteorologic environ~ent to 

its dynamic r esponses, it did favour other f orms of climate/glacier 

studies . In particular it wa s a most suitable l abo r atory for analysing 

the interaction of the a t mosphere wi t h the state of the gl acier. Almost 

the f ul l r a nge of surface conditions we r e encountered in the space of one 

budget year, while the density and a lbedo of the medium with which t he 

atmospher e interacted varied t hroughout the year f rom one extreme t o the 

other. This makes the Whakapapanui Gl acier a logical site for glacio-

met eor ologic experime ntation on all three s ca l es - mi cro-, meso- and 

macroscopic-for the compl et e eff ect s of such experiment s would be r eadily 

apparent aft er only a r el a tive l y short period of time. 

NOTE 

Owing to the occurrenc e of the longest and dries t summer on 

r ecord (Met eorologica l Office Broadcast ) during the 1969/70 budget year, 

the gl acier experienced a nega tive net budget losing not only the firn 

which had r ema ined at the end of the 1968/ 9 budget yea r, but a consider able 

volume of true glacier ice a s we ll. 

A visit to the gl acier on March 6, 1970 r evealed that a yellow­

ish sediment-embedded layer of ice was uppermost on the surface of the 

glacier. Ice corings t aken in May 1969 indicat ed that this ye ll~wish 

band had been overlain by a clear ba nd of ice. It varied in thickness 
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from approximately 3.0 m on the upper easte r n margin of the glacier to 

1. 0 m on the lower eastern margin, while it increased to 4.6 m at the 

Meltwater Hole, Assuming that an ave rage depth of 2.9 m of ice of 

density 0 . 90 g/cm3 had been lost, over the ent i re glacier, during the 

1969/70 ablation season, this would have given a total wate r loss result­

ing from ice melt of 37,280 m2 x 2 . 61 m = 778,800 m3. This was without 

taking into account the loss of ice resulting from the formation of 

numerous meltwater subsidence holes ext ending right to the base rock. 

H•wever, the existence of a layer of andesitic mud and ash (resulting from 

the June 22, 1969 eruption of Mt Ruapehu) thick enough to retard ablation 

and preserve the ice on much of the east ern and central portions of the 

glacier, was likely to have cancel l ed out the loss of water resulting 

fro□ the formation of numerous meltwat er subsidence holes . 

The total water los s during the 1969/70 ablation s eas on would 

havo been equal to the volume of firn remaining at the end of the 1968/9 

budget year (76,800 m3 wate r), together with the volume of n6ve lost 

(estimat ed va lue = 150 , 000 m3), plus the volume of ice (778,800 m3 water), 

which equalled 855,600 m3 wate r. This value v.•ould have been somewhat 

conservative, for the ablation season continued until about the middle of 

March before the first snowfalls of the 1970/1 accumulation season . This 

is evidenced by the 135 m recession of the glacier snout in the s even weeks 

between February 26 and April 18, 1970 (based on actual measurements on 

these two dat es ). By the end of the 1969/70 budget yea r, ther efor e, the 

glacier had been reduced to a state of fragmentation consist ing of little 

more than an aggregation of ice pockets separated by huge meltwater holes 

and being compl etely beyond r ejuvenation. 

All this indicates that a climatic change, which may be 
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mathemat ica lly insignifica nt 1 could be sufficient t o engender pr of ound 

changes in the climate/gl acie r re l a tionship . 



APPENDICES 

Years 
R.F . (mm ) 

0 
.005- . 24 
.25-. 49 
. 50-.74 
-75- ,99 

1 ,00- 1. 24 
1 , 25- 1 , 49 
1.50- 1. 74 
1.75- 1,99 
2.00- 2.24 
2. 25- 2,49 
2.50- 2,74 
2.75- 2.99 
3.00- 3.24 
3. 25- 3-49 
3,50- 3,74 
3-75- 3-99 
4,00- 4. 24 
4, 25- 4-49 
4.50- 4.74 
4°75-4°99 
5.00- 5. 24 
5.25-5.49 

Total 

x 

f < x 

1f < x 

APPENDIX I 

ANA LYSIS OF AIRFLOW TYPES 

(Full Hydrological Years) 

Weather Type: Cyclogenesis to the Nor th 

Airst r eams: CN9 CSE, CE 9 CNE 

~963%f 

116 37 ,9 
75 24 . 5 
42 13 . 7 
28 --
10 
8 
7 
8 
2 
1 
2 
1 
1 
1 23 .9 
1 
1 
1 

306 

0 .34 

220 

71.9 

9 30.0 
3 1 o.o 
6 20.0 

~ T 
1 

1 40~0 

30 

0. 57 

22 

73.3 

12 28 .6 
11 26. 2 
8 19.0 ~r 
1 26.2 

1 .L, 

42 

0 . 26 

27 

64 . 3 

11 25 .0 
11 25 . O 
7 15 . 9 
5 
1 
2 
2 
2 

1 34 . 1 

44 

228 

63.6 

1966}7 
f g 

40 50.0 
20 25.0 
7~ 
4 
2 
3 
1 

16.3 

80 

0.22 

73.4 

1967 /8 
f _g 

30 45 .4 
13 19 . 7 
6 -2:.52 

I Js 
1 I 

1 

66 

0 . 31 

47 

71.2 
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1431.1 
17 37,8 
8 17 . 8 
1 

1 
1 
2 

13.3 

I 

45 

0 . 31 

36 

80 . 0 
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Weather T;zEe ~ Ctclo~enesis to the South 

Airstreams ~ csw, CW, CNW, cs 

Years 1963- 9 1963t4 ~ 1965/6 rli 1967/8 ~ R .F . ~mm) f 1fi. f g f f g f f g f 

0 206 28.5 35 27 .3 32 20.0 36 30 .0 23 28.7 31 34.4 49 33 .8 
. 005-.24 203 28 . 1 39 30 . 5 40 25 .0 33 27.5 20 25 .0 29 32.2 42 29.0 
.25-. 49 92 12 . 7 15 11. 7 24 15 .0 15 12.5 19 23.8 6 6.7 13 9.0 
. 50-. 74 65 9.0 16 12 . 5 17 10 .8 9 7.5 7 8 .8 5 5.6 11 7. 6 
0 75- -99 47 6.5 8 6.3 12 7.5 11 9.2 2 2.5 5 5.6 9 6. 1 

1 .00- 1. 24 42~ 4) n) 8 2 7) 3) 5) 6) 
1.25-1.49 29~ 2)_:_:2 6)_ · 4)~ 4)~ 7)13 .3 6)~ 
1.50- 1.74 13 3 

I 
2 1 

J 
1 

J5 
2 2.2 4 1' 

1. 75- 1 .99 5 1 2 1 1 6!2 2.00- 2.24 6 1 2 1 2 I 

2.25- 2. 49 5 1 2 l 2 l 
~.50- 2.74 2 7 .o 
2.75-2 .99 2 

5.4 l 7.5 l 3.00-3 . 24 2 1 
3°25-3-49 1 1 
3.'30-3.74 2 1 
3°75- 3-99 
4. 00- 4.24 
4.25- 4.49 1 
4.50-4 . 74 
4-75- 4-99 
5.00- 5. 24 
5.25-5.49 

Total 723 128 160 120 80 90 145 

j1'. 0.39 0. 40 0 .54 0.39 0 . 31 0.30 0. 35 

f < x 482 86 108 81 55 64 100 

%f < x 66.7 67 .2 67 .5 67 . 5 68 . 7 71. 1 69 .0 
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Weather T.zEe i Anticyc l ones to the North 

Airstreams: ANW, AW, AS, ASW 

Years 1963-9 r-¥1 1964/'.2 1965_!._6 1266!7 ~ 1968)9 
R.F. (mm) f k f ~f f !f ! g . f _g f .I::.::... - -

0 378 54.7 79 60 . 2 58 56 .9 65 50. 4 52 46.0 64 57.7 60 56 .1 
.005-.24 144 20 .8 26 20.5 16 15.7 33 25.6 27 23 .9 23 20 . 7 19 17.8 
.25-. 49 49 7. 1 6 4,6 4 3,9 13 10.1 11 9 .7 8 7.2 7 6.5 
.50-.74 37 5.3 6 4.6 5 4.9 10 7.7 4 3.6 4 3.6 8 7. 5 
.75-. 99 27 ___u 6 Lf • 6 5 --1:..2 1 o.8 5 -4..:..4 4 ~ 6 --2..:.£ 

1 .00-1 .24 11 1 

Js ! J, 
2 

1 ! J4 
1 

l 
1 

1.25- 1. 49 16 4 4 1 
1.50-1 .74 8 3 1 2 
1.75-1 .99 7 1 l 1 1 
2.00-2.24 9 2 f 1 2.25-2. 49 1 l l 2. 50-2.74 1 8.2 7~2 6.5 

2. 75- 2.99 2 

l 
1 

3.00- 3.24 
3.25-3 -49 
3,50-3.74 
3-75-3-99 2 
4 . 00-4,24 
4. 25- 4.49 
4.50- 4. 74 
4-75- 4-99 
5.00-5 . 24 
5. 25- 5 .49 

Total 690 127 102 129 113 111 107 

"X O .1 8 o. 12 0 .25 0.1 4 0. 28 o. 12 0 .24 

f < x 486 92 76 84 85 76 79 

%r < x 70 .4 72.4 74 .5 67 .2 75 . 2 68 .5 73.8 
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Years 
R .F. ( mm) 

0 
. 005-. 24 
.25-.49 
,50-,74 
,75--99 

1. 00-1 • 24 
1.25-1.49 
1 • 50-1 • 74 
1.75-1.99 
2.00-2.24 
2 . 25-2. 49 
2.50-2.74 
2.75-2.99 
3,00- 3.24 
3.25-3.49 
3,50- 3,74 
3 ,75-3-99 
4,00-4,24 
4 ,25-4 , 49 
4 ,50-L\ .74 
4,75-4-99 
5. 00-5.24 
5 . 25- 5.49 

Total 

x 

f < x 

%f < x 

Weather T;neg Anticlclones to the South 

1963-9 
f k 

297 62 .9 
75 15.9 
26 5.5 
26) 
14)~ 

7 

1 
13 

5 
1 
3 
3 

l 1 

472 

0 .17 

350 

74.2 

Airstreams g AN 2 ANE 1 ASE 1 AE 1 A 

~ ~ ~ 1266/_7 1967/8 
i %f f g f f f 

54 69.2 32 52. 5 41 56 . 1 65 69.9 68 68.0 
11 14.1 14 22 . 9 11 15.1 10 10.7 17 17.0 
3 3. 9 3 4 . 9 5 6.9 5 5.4 4 4.0 
1 ) 5) 7) 4) 5) 
o)~ 3 )2.::2 2)12.3 s)~ 1)~ 
2 r 2 

6t l 
1 

1 Jo 5 1 5 1 1 
1 1 1 

11 ; 5 

l 1 1 l 2 l 1 

1 
' 

78 61 73 93 100 

0 . 13 0 .1 6 0 . 21 0.07 0 .09 

60 41 51 68 74 

73 . 1 74.0 

x = xd + cLfx) . N X l 

where xd = assumed mean, i = class interval 

and N = total no. of frequencies. 

f < x indicates the degree of normalcy of the distribution. 

1968)9 
f g_ 

37 55.2 
12 17 . 9 
6 8 . 9 
4) 
3)10.5 
2 

1 2 

l 

67 

0 .1 9 

f < x = Lf below lower limit of class with x + x/upper limit of class 
with xx fin class containing the x. 

e.g . f < x(1963-9) = 297 + g:~1 x 75 

= 297 + 53 

350. 
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The abnormal frequency distributions in these t ables show that 

it is unwise to base any comparisons between years on the mean value 

alone . It is necessary to c onduct a Chi-Squared Test to establish 

whether there are any signi f icant differences between the different yea rs 

and where they lie . 

where o 

formula 

ffhe same pattern was repeated for the accumula tion 

and ablation seasons taken separately_J 

APPENDIX II 

CALCULATION OF CHI- SQUARED VALUES 

Chi- Squared (X2) values were calcu lated using the formula 

x2 = ~ ( o e- et' 
obs erved frequencies 9 and e = expected fr equencies. 

The Degre es of Freedom values (n) were ca lculat ed using the 

n = (n1 - 1)(n2 - 1) 

where n1 is the number of i terns in om~ column of frequencies and n2 is 

the number of it ems in one line of frequencies . 
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APPENDIX III 

(a) REGRESSION COEFFICIENTS 

Calculation of Regression Coefficients and the equations for 

the Regression Lines of Total Rainfa ll and Mean Monthly Temperatures over 

the six years from 1963/4 to 1968/9 are set out below. 

First, it was nec essa ry t o calculate the deviation of each 

value from the mean of each set of data. The two sets of figures 

( q and t) obtained from these calcul at ions were then multi plied together 

for each year to give the values (qt) . These were then summed to give 

a total deviation which was in turn divided by the number of pairs of 

data to give the Co- Variance . The Product Moment Correlation Coefficient 

(r) was calculated using the fo r mula 

7?(a -a)(b - b) l ab 
- a .b 

r = or r n 
6e..6b 6a .6b 

where 6a and 6b we re the standard deviations of the t wo sets of data 

a and b about their r espective means 1 calculated from the formula 

(b) COEFFICIENT OF VARIATION 

To obtain the "best estimate" of the Coefficient of Variati cn 

the hypothetical b values (s ee p . 185) were subtracted from the actual 

recorded values of b. This difference was expressed as a percentage of 

the expected values, all of which were then summed and squared . From 

the resulting values the "best estimate" of the percentage variance wa s 
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obtained after dividing by n - 1. Lastly, the square root of the 

variance gave the "best es timat e " of the percentage standard deviation . 

This final figure was the variabil ity which occurred due to "factors 

other than those producing the ove r all patterns" (Gregory, 1968). 

(c) COEFFICIENT OF DETERMINATION AND 

CORRELATION SIGNIFICANCE TEST 

The Coefficient of Det e r mination = r 2 x 100. 

This formul a demonstrates that almost 74 percent of the rain­

fall variations can not be e xplo ,hed from the corresponding tempe rature 

dats, for the Coefficient of Det ermination value ~as only 26 percent . 

This figure 0f 26 percent is consider ed to be reliable, havi ng been 

ascertained as valid us ing the Correlation Si gnificance Test , 

r .Jn - 2 
t 

)1 r2 -
·.vhen r = - 0 . 513 and n 12. 
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Hydrological Year Mean Temperature Trends 

-Average Va lues: a = q + ass um ed mean of a 

= 6 .5 

b = t + assumed mean of b 

= 46. 21 

Regr ession Coefficient oft on q 

Y = - 0 .57 

Base Constant = b - Regr es s .Coeff . a 
whe r e b = 46 . 21 and~= 6 . 5 

then subst ituting 

Base Constant= 46 . 125 - (-0 . 57x6.5) 

= 49 . 82°F. 

The Equation for the Regress ion Line is 

b = 49 . 82 - 0 . 57 . a 

Metric Equival ent (mm) b 9 . 90 - 0.31.a 

Regress i on Line Formulae for t he Accumulation 

a nd Ablatio~ Seasons 

The Regress i on Line Equa tion for the Accumulation Season Rainfall Tota l s 
i s 

b = 44 . 30 + 1. 819 .a 

Metric Equi va l ent (mm) b = 1125 . 22 + 46 .2. a 

The Regress ion Line Equation for the Ac cumulation Seas on Mean Temperatures 
is 

b 44 . 38 - 0 .54 . a 

Metric Equivalent (mm) b = 6 .88 - 0 .30. a 

The Regression Line Equation for the Ablation Season Rainfall Tota ls 
is 

b = 48 .78 + 0.287 .a 

Met ric Equivalent (mm) b = 1239 . 01 + 7 . 28 . a 

The Regres sion Line Equation for the Ablation Season Mean Temperatures 
is 

b = 54 . 55 - 0 . 517 .a 

Metric Equivalent (mm) b = 11.41 - 0 . 278.a 
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