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ABSTRACT. There are no systematic measurements of seasonal snow in the
Southern Alps, New Zealand, so litde information is available as to its past variahility.
To rectily this. a conceptual model is developed that calculates seasonal snow
deposition. ablation and accumulation. The model is based on daily temperature and
precipitation data from long-established climate stations about the Southern Alps.
Output is given as daily specilic net balance of snow at five elevation bands from 1000
to 2200m and as total water stored as scasonal snow over several major river
catchments. Model output is in general agreement when tested against the few
historical observations of snow and is tuned to the long-term water balance. A
chronology of seasonal snow is reconstructed from 1931 to 1993. Arca-averaged annual
maxima average 366 mm. They show no trend. but large inter-annual variability from
less than 200 to over 650 mmw.e. Seasonal snow can peak at any time between

September and January,

INTRODUCTION

The Southern Alps of New Zealand are a major mountain
system surrounded by vast areas of ocean in mid-latitudes
of the Southern Hemisphere. While there is a reasonable
history ol observations ol snout position and end-of-
summer snow-line for key glaciers. there is little know-
ledge of past behaviour of seasonal snow. Seasonal snow of
the Southern Alps is economically important for hydro-
electricity generation, irrigation water and recreation,
but because the area is so vast (60000 km>) and unpop-
ulated, it is dillicult to monitor. Electricity authorities do
not measure snow. Some ski resorts make observations,
but reliable and systematic records are available only for
the past decade and none relate to the main alpine chain.
Consequently, there is no systematic check on what is
currently happening to seasonal snow in the Southern
Alps and little knowledge ol past variations or whether
there is any long-term trend.

Conceptual models represent one of the more realistic
This

calculates the water equivalent of seasonal snow in the

ways Lo assess past and present snow. paper
main hydroclectric river catchments in the castern part of
the Southern Alps for the period 1930-93. The catch-
ments are for eight South Island lakes: Tekapo, Pukaki
and Ohau in the Waitaki River system; Hawea, Wanaka
and Wakatipu in the Clutha River system; Te Anau and
Manapouri in the Waiau River system
the

of the Southern Alps. Tts area is

Fig. 1). Their

combined area is termed macro catchment, and
represents about 25%
15000 km” and it ranges in elevation from 400 to over
3700m. The Main Divide shown in Figure | has an
clevation of about 2000 m in the south and over 3000 m in

the north of the macro catchment.
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The South Island of New Zealand lies within the
Southern Hemisphere westerlies and its climate along the
coast is moist and equable. Annual mean temperarures
are about 11"C: and monthly averages have a seasonal
range of less than 10°C. Annual precipitation in the
macro catchment varies from about 10000 mm near the
Main Divide to less than 1000 mm in the east. There is
only a small seasonal variation with a winter minimum
and spring maximum. Below 1000 m elevation, almost all
precipitation falls as rain. Because of the mild climate.
rain can also occur at elevations above 3000 m on some
occasions, but above 2000 m winter precipitation mainly
falls as snow.

The long-term water balance has been assessed using
methods outlined by Hare and Hay (1971 and applied to
other New Zealand catchments by
Grimmond (1982). Runoff into ecach of the eight lakes
of the macro catchment has been measured since 1930

Fitzharris and

and averages 2336 mm annually. Annual evaporation is
estimated at 522mm based on the formula of Priestley
and Taylor (1972). Thus, mean annual precipitation for
2858 mm. On

average, the storage term in the long-term water balance

the macro catchment is calculated as
accumulates from April to reach a maximum in October
of 360 mm. Most of this is assumed to be due to snow.
Water is lost to storage from September to March so that,
on average, net change in storage over the vear is zero.

METHODS

A conceptual snow-wedge model, similar to those of
Moore and Owens (1984), Barringer (1989) and Woo
and

Fitzharris (1992), provides estimates of scasonal
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Fig. 1. South Island showing lakes, macro catchment and location of climate stations with long records.

snow. The mass balance of the snowpack is calculated as
water equivalent for each day (d), at elevation bands (z)
of 300 m vertical height. The elevation bands cover the
range 830-2350ma.s.l. This more than covers the
seasonal snow zone in New Zealand, which seldom
accumulates below 1000m, and as shown by Chinn
(1988) the usual late-summer snow-line is at about 2000
2100m in this part of the Southern Alps. The highest
elevation band in the model 2200 m)
normally contributes to perennial rather than seasonal
snow, but is included so as to check that the model

(centred on

behaves correctly, The seasonal-snow year begins on
I April and ends on 31 March. The daily specific mass
balance at each elevation (bi.q)) is given by

b(:Al] = Plzd) — r-1‘(:_.{]] (1)

where p is snow deposition and a is snow ablation.
Daily snow deposition at each elevation band (p.q))

Tia) > T, =0
pl:.(l] = { ) e JPE:_‘I)} (2)

T(:.rl] S Til-
where T} q) is daily mean temperature (°C) at elevation
z and 7 is the threshold temperature that decides

1s:

P(zd)
P(zd)

whether precipitation occurs as snowfall rather than
rainfall. Precipitation (P q) is calculated with a distrib-
ution similar to that used by Thompson and Adams
(1979) and Moussavi and others (1989):

‘P(:.-:IJ = I)(n.d] expf.’i (3)
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where P, is the daily precipitation averaged over five
suitable climate stations about the macro catchment.
These stations have quality records that extend back to
1930 (Fig. 1). From north to south they are Hokitika,
Tekapo, Milford Sound, Queenstown and Alexandra.
Their elevations range from 3 to 683m and average
243 m. [ is a coeflicient that adjusts the distribution of
precipitation with elevation, and fis (z ~ 243) and takes
account of the average elevation of the climate stations
above sea level.

Daily ablation at each elevation band (a.q)) is
calculated using a degree-day model:

- T(:.(IJ <0,
(?-(:.tl} = T(:-ll] 2 0.

Q(zd) =0

= f X T[;,d) } (4)

where f is an ablation factor that determines melt per
degree day (mm°C 'd") provided Foay = 0°C,

The daily mean temperature at each elevation,
(T}..ay). is calculated by lapsing the average temperature

A(zd)

recorded at the climate stations shown in Figure 1 at a
rate of 0.7°C per 100 m. This lapse rate is similar to that
found by Garnier (1950) and used in other New Zealand
studies (e.g. Moore and Owens, 1984). Values of f are
varied throughout the vear over the range 3-8 mm “C :
d ' as suggested by Martinec and Rango (1986). Exact
values are unknown and are set a priori based on elev-
ation and time of year. For example, f is set to 3mm "C l
d ! at the start of winter at all elevations. At 1000 m, it
rises to 8mm °C 'd ! before the beginning of spring, but
at 2200 m does not achieve this value until mid-summer.
Intervening clevations have intermediate values. [ stays
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at 8mm “C 'd ' undil it begins to decrease to 3mm °C !
d ', first at 2200m in mid-autumn, but not untl late
autumn at 1000 m.

Net specific snow accumulation (n.q) is calculated
daily from | April for a vear ending on 31 March:

d'=d

Ned = Z bt zd') ('-'

d'=1

ot

1

and this is multiplied by the respective band area (S.) to
give net snow balance (B. ) :

B:.(l =MNzg X S: . (6)

P e B . x <
Fotal seasonal snow (By) in m” of water is computed for
each day:

B(l = Bt’lﬂllllm.:l\ e Bl 1300m.d) A B:l(illt]m..l_} = B{I!)l}llln.ll}-
(7)

Snow in the 2200 m elevation band is not included in
By because it is above the end-of-summer snow-line
[Chinn, 1988) and so adds to perennial ice storage, rather
than seasonal snow storage. On any day, the amount of
water stored as seasonal snow as averaged over the whole
catchment (wy) is:

= Byls (8)

where S is the area of the macro catchment and wy is
expressed in millimetres of water. Annual maximum
scasonal snow is defined as the highest value of wy
achieved during a given snow year.

The model uses daily climate data (74, Py). lor the
period 1930-93. Missing values make up less than 3% of a
total of 340000 observations, and are estimated using
regression relationships with nearby climate stations.

Tuning the model

The model was tuned so that output was compatible with
the long-term water balance. Iirst, | was adjusted to
0.0005 so that average precipitation over the macro
catchment was 2858 mm, the same as that obtained from
the long-term water balance. Secondly, values of T}, were
adjusted so that there was a good match of wy averaged
over 1930 93 compared with the seasonal storage term
obtained from the long-term water balance. This gave Tj,
at 2.5°C.

Testing the model

Unfortunately, there have been few continuous obser-

vations of snow in the macro catchment, and those
available tend to be located
precipitation is lower. Thus there are few observational

data to test the model, and some of these are qualitative

in the eastern part, where

rather than quanttative.

Observations of seasonal snow on Tasman Glacier
located within the Pukaki catchment) made in 1968, a
bigger than average snow vear, are summarised by
(1979). As
specific snow accumulation correlates well with mea-

Fitzharris shown in Figure 2, model net
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Fig. 2. Comparison of specific seasonal snow al four

elevations from the model with those measured on Tasman
Glacter, 1968/69.

sured snow at four elevations from May to December.
However, the model tends to underestimate, especially at
2200m. In 1993/94, continuous measurements of the
snowpack were made at 1650 m on Mount Belle (near the
Te Anau catchment) and at 1600m at Mueller Hut
(within the Pukaki catchment). In these cases. modelled
net specific snow accumulation at 1600 m overestimates
the observations (Fig. 3). However, the model starts and
ends the snowpack at the observed times.

The best available syntheses of past snow conditions in
the Southern Alps are published in Chinn (1981) and
Breeze and others (1986). These were compiled from a
comprehensive range of all available sources, including
Alpine Club journals, diaries, old photographs, snow
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Fig. 3. Comparison of specific seasonal snow at 1600 m
Srom the model with actual measurements at aboul the same
clevation, 1993/94.
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Table 1. A comparison of notable snow years from the
historical record with those obtained from the model. See
text for details

Historical record Moadelled years

( =450 mm )

1945 1945
1916
1949 1949
1957
1964
1968 1968
1972
1980
1983 1983
1988
1991 1951
1852 1992
1993 1993

avalanche histories, road reports and ski-field records.
These are olten qualitative, ancedotal and heterogeneous,
and may miss a lew winters with notable snow since 1930.
These syntheses ol historical data were updated with
reports on the nature of each winter and state of the
snowpack, which are systematically collected by the New
Zealand Mountain Salety Council and made available
annually. A summary of notable winters identified in
these sources is given in Table 1. Also listed are the largest
snow vears as determined from the model (defined as

annual maximum seasonal snow greater than 450 mm; see
Fig. 4). Comparison shows that the eight largest snow
years as judged by the model (1943, 1949, 1968, 1983,
1988, 1991, 1992, 1993) all appear as big years in the
historical record. The historical evidence identifies five
other years (1946, 1957, 1964, 1972, 1980) as notable: all
these vears have above-average scasonal snow according
to model values given in Figure 4.

In summary, the model underestimated the snowpack
on Tasman Glacier but overestimated it at two other sites
in another year. Modelled scasonal snow accumulates and
melts in a similar way to that observed. The model
captured the biggest snow years in the historical record. It
must also be considered that it represents seasonal snow
for the whole macro catchment, whercas measurements
are at particular points. The model is tuned to be
consistent with the long-term water balance. While these
tests are not definitive, they indicate that the model is
useful. At worst, the model acts as an index of snow
conditions in the macro catchment.

RESULTS

Figure 5 illustrates the model output for a typical year
(1943/44). Values of net specific snow accumulation (n..q)
for each elevation band are presented in the upper part of
the figure. In this example, snow accumulated through-
out the winter and reached a peak progressively later at
higher elevations (October at 1300 m, but December at
2200 m). No snow accumulated at 1000 m. Once melt
began, snow melted rapidly and was gone at all elevations
before March, except at 2200 m. Because this elevation is
above the permanent snow-line, snow in this band melts
little and contributes to the many glaciers in the macro
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Fig. 4. Annual maximum seasonal snow., 1930-93.
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Fig. 5. Example of output from the model: seasonal snowe
Jor 1943|144,

catchment. The lower part of Figure 5 gives seasonal
snow in m” (By). It shows steady accumulation to reach a
maximum of 6150 x 10°m” in October 1943, equivalent
to 410 mm averaged over the macro catchment. Most of
this water was released through snowmelt by the end of
January 1944,

Over the period 193093, the annual maxima of wy
averaged 366 mm. Figure 4 is a chronology of such values
as determined by the model for 1930-93. They vary from
less than 200 mm depth of water average over the macro
catchment to 650 mm. standard
100 mm. reflecting the large inter-annual variability of

Their deviation s

seasonal snow. A linear regression analysis between

annual maximum wy and vear number showed zero
slope and no statistically significant relationship with
time. The 1940s and early 1990s had higher average
other decades, while the 1980s was
Table 2),

The way seasonal snow accumulates and melts is

seasonal snow than
the most variable decade

shown by the composite patterns of wy for each year
between 1930 and 1993 (Fig. 6). The long-term mean is
shown as the sinusoidally
“spaghetti graph™ demonstrates that there has been

shaped, bold line. This

considerable variability in the history of seasonal snow
in every month. Values of wy over 64vears are near-
normally distributed for any month. Standard deviations
ol wy are 40 mm in June, 100 mm in October and 60 nun
in February. Annual maximum values of wy occur at any
time between early September and late December, About
hall the years experienced maximum snow in October.

The model can be run during any current year to
assess the size of snow storage in the macro catchment in
near-real time. The current vear’s seasonal snow can be
placed in its relative historical context when plotted onto
Iigures 5 and 6. Thus snow in an important part of the
Southern Alps can be monitored in a way not possible
before and its size relative to the past assessed.

CONCLUSION

A maodel has been constructed which calculates accumul-
ation and ablation of seasonal snow over a large area of
the Southern Alps. It can be used to monitor snow in the
current year and to place the water stored as scasonal
snow in the perspective of 64 vears of history since 1930,
The model also provides an indication of past variability
ol seasonal snow. On average, scasonal snow in the macro
catchment builds systematically from about May 1o a
maximum of 366 mm in October. However., over the
period 1930-93 it has heen highly variable both within
and between years. There is no identifiable long-term
trend in 1980s

demonstrated higher variability, Ongoing rescarch in-

annual maximum values, but the
vestigates the role of circulation patterns and weather
types in the southwest Pacific in generating both larger
and smaller snow years. Further tests of the model with
field measurements and comparison with lake infllows are
also planned.

Table 2. Statistics of annual values of maximum seasonal snow (mm) by decade and for the period 193093

Decade Number Mean Median S.d. S.e. mean Min. Max.
1930-39 10 517 289 9() 28 191 449
194049 10 411 404 48 7 347 195
1950-59 10 338 359 88 27 182 139
196069 10 371 388 a2 26 191 484
1970-79 10 332 569 96 30 198 451
1980-89 10 379 376 149 47 189 643
1990-93 4 480 500 16 s 112 510
193093 64 366 388 100 12 182 643

https://doi.org/10.3189/50260305500016098 Published online by Cambridge University Press

381


https://doi.org/10.3189/S0260305500016098

Fitzharris and Garr: Seasonal snow in the Southern Alps. New Jealand
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Fig. 6. Compostle graph of seasonal snow for each year, 1930-93.
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