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Interannual variability of Australian
snowfall

G. R. Budin, Bureau of Meteorology Research Centre, Melbourne, Australia
(Manuscript received July 1985; revised September 1985)

Snow depth at several sites in the southeastern Australian highlands is investigated
and is shown to exhibit substantial interannual variations. These variations show no
consistent cyclic nature however exceptionally high snow depth years are often fol-
lowed by a low snow depth year, which tend to occur during an EI Nino. The snow
depth variations are significantly related to the strength of the low-level westerlies,
the latitude of the subtropical ridge, and pressures over southeastern Australia. These
factors are related to the positioning of the mid-latitude long wave trough and point
to orographic uplifting as the major snow producing mechanism.

Introduction

Snowfall in Australia affects some 1200 sq. km of
land for 60 days per year (Slatyer, Cochrane and Gal-
loway 1984) and provides the base for a valuable
domestic ski industry, but it has received relatively
little attention in the meteorological literature. This
study examines snow depth in the highlands area of
southeastern mainland Australia and relates it to the
winter broadscale atmospheric circulation. However,
it is appropriate to firstly review those studies pub-
lished to date. There have been some studies focus-
ing on the spectacular ‘cold outbreak’ events as-
sociated with a deep southerly flow which produce
snowfall down to low altitudes over southeastern
Australia (Morley 1957; Taylor and Stern 1982).
However, Bahr (1967), and later Bahr and Arm-
strong (1971), and Shepherd (1982) have shown that
heavy (and sometimes quite isolated) snowfalls may
occur over southeastern Australia due to the presence
of a middle tropospheric ‘cold pool’ of air. Pitt
(1971) has pointed out that the heaviest snowfalls on
the New South Wales Snowy Mountains are associat-
ed with cold northwesterly winds. Colquhoun (1978)
investigated snow-producing situations and in addi-
tion to those synoptic situations investigated in the
earlier studies, adds strong westerly winds as a
producer of major snowfalls on the higher parts of
the Snowy Mountains. Gaffney (1971) had previous-
ly pointed out the strong orographic effect produc-
ing high annual precipitation in this region. Snow-
melt and runoff in the Victorian section of the high-
lands have been studied by Cope (1960) and Kneen
(1982). Slatyer et al. (1984) have studied the dura-
tion of snow cover at several Australian highland
sites.

In the northern hemisphere there have been
numerous studies relating both snow depth and ex-
tent to monthly and seasonal atmospheric circula-
tion features. Notably Lamb (1955), Namias (1960),
Clapp (1967), and Dickson and Namias (1967) have
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related interannual snowfall variation in various
areas in the northern hemisphere to temperature
and thickness patterns. Since 1966 snow cover €x-
tent for the northern hemisphere has been analysed
from satellite information and this data base has been
used to relate snow cover to the atmospheric circu-
lation by Matson and Wiesnet (1976), Wiesnet and
Matson (1981), Kukla and Kukla (1974), Foster and
Rango (1982), and others. Dewey and Heim (1983)
considered the use of satellite-derived snow cover ex-
tent in the southern hemisphere, but their data grid
was not of sufficient resolution (being approximately
2 degrees latitude by 2 degrees longitude) to warrant
operational mapping over Australia. Clearly,
however, their study showed the feasibility of map-
ping Australian snow cover extent from satellite data.
Moore and Owens (1984) have studied the local and
regional influences of atmospheric exchange pro-
cesses on the melting of snow in the New Zealand
highlands.

This study is concerned with the interannual vari-
ations in snow cover over the highlands of south-
eastern Australia and the accompanying circulation
features. The first section statistically analyses an-
nual maximum snow depth at several sites, with-an
examination of the dependence of the mean and in-
terannual variability on altitude, and a search for cy-
cles in the data. The second section examines the at-
mospheric circulation features contributing to the
large interannual variability of snow depth. This is
achieved by relating snow depth to established cir-
culation indices and by using linear compositing to
recover the winter atmospheric circulation and
anomaly patterns associated with both high and low
snow depth years. The location of the Australian
highlands on the Australian continent can be seen
from the topography plotted on Fig. 6 (a) with Fig.
1 showing the area in more detail, and locating the
stations referred to in the text.
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Fig. 1 The southeastern Australian highlands. Areas of land over 1500 m are blackened, and snow stations referred to

in the text are indicated.
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Statistical aspects of Australian snow
depth data

Mean and interannual variability
A list of snow depth data available to the author is

--presentedin-Table 1; together with the details-of sta- -

tion height, the number of sampling points and sam-
pling frequency, and the organisation collecting the
data. The mean and standard deviation of the an-
nual maximum snow depth at each station are also
tabulated and they are plotted against altitude in Figs
2(a) and (b) respectively, with different characters
plotted according to the data source (given in Table
1). The least squares regression lines are plotted and
show a strong dependence of both quantities on al-
titude. A seperate regression line was needed to fit
the mean Thredbo data, indicating that Thredbo sta-
tions have lower mean maximum snow depths than
at corresponding altitudes at other stations. The slope
of the regression lines implies a 19 cm increase in
the mean maximum snow depth at Thredbo, and a
25 cm increase at other stations per 100 m increase
in altitude. The effects contributing to these differ-
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ences of mean maximum snow depth were outlined
by Slatyer et al. (1984), and primarily relate to a more
optimal siting of the other snow courses compared
to those at Thredbo. Figure 2(b) shows at all alti-
tudes a high interannual standard deviation of max-
imum snow depth, varying from an average of 80
-per-cent-of the mean at the Thredbo stations to 51
per cent at the other locations. The variability at the
Mt Hotham-St Bernard site appears well above the
mean regression line however the mean depth at this
site is also higher than the regression implies for the
corresponding altitude.

As a guide to the overall snow cover during a par-
ticular season, we shall use the maximum snow depth
during the year. We would expect this to be related
to the duration of the snow cover with an increased
persistence in high snow depth years. However, the
accurate measurement of snow cover duration is
difficult due to long periods between measurements
(particularly when there is little snow cover), and ef-
fects at the start and the end of the season due to
isolated snow falls. Cochrane (1985, personal com-
munication) has addressed this problem, using snow
depth data measured daily at five stations at the



Budin: Interannual variability of Australian snowfall

147

Fig. 2(a) Variation of mean maximum snow depth with al-
titude. Observations are grouped according to
data source (see Table 1). The broken (full) line
is the least squares regression line for Thredbo
(all other stations).
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resort of Thredbo, New South Wales as outlined in
Slatyer et al. (1984). The correlations between these
annual snow cover durations and the annual maxi-
mum snow depth range between 0.58 (at Thredbo
Village) to 0.71 (at Crackenback station). Thus
although the snow cover duration increases with the
maximum snow depth there is some variation about
a linear relationship.

For futher analysis we shall focus on the Falls
Creek-Rocky Valley and Spencer Creek data (hen-
ceforth to be referred to as FCRV and SPCK, respec-
tively). However, the maximum snow depth at all
the stations in Table 1 correlate with the FCRV and
SPCK snow depths at levels of at least 0.80 (except
for the lower altitude site at Thredbo Village. This
correlation suggests that although individual snow-
falls occur in isolation during some synoptic situa-
tions (e.g. due to an isolated mid-ievel ‘cold pool’,
Shepherd 1982) these average out over the season so
that the annual maximum snow depth at FCRV and
SPCK are a good indication of the snow cover at
all the stations in Table 1 (excepting perhaps Thred-
bo Village). This suggests that the occurrence of
snowfall is related to the regional to broadscale fea-
tures of the atmospheric circulation for the winter
months.

Fig. 2(b) Variation of the interannual standard deviation
of maximum snow depth with altitude. Data are
grouped as in (a) with the least squares regres-
sion line for all stations plotted.
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The FCRV and SPCK annual maximum snow
depths are presented in Fig. 3 for all years available.
These are the longest records available, with the
FCRV data covering 43 years and the SPCK data
31 years. No data for FCRV for 1973 are available,
however this was overcome by interpolating a value
from a seperate gauge maintained by the Road Con-
struction Authority (RCA) of Victoria, in the near-
by Falls Creek village. The FCRYV data are an aver-
age of snow depths collected over a course of 20
poles, stretching from Mt Mackay to the Rocky Val-
ley reservoir, at an average altitude of 1660 m, simi-
larly the SPCK data are averaged over depths from
7 sampling poles, at an average altitude of 1830 m.

Time series analysis of annual maximum snow depths

The probability distributions of the annual maximum
snow depths at FCRV and SPCK are presented in
Figs 4(a) and (b) respectively with the 5 per cent con-
fidence levels indicated (reproduced from Kneen
1985). These figures show that a log-normal distri-
bution suitably fits the annual maximum snow depth
time series at both stations (a chi-square test of fre-
quencies with two degrees of freedom indicated the
hypothesis of a log-normal distribution could not be
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Table 1. Australian highlands snow depths. data records.

Approx. av. Mean Standard
Av.no.  sampling Av. no. maximum deviation of
Height  sampling  interval samples Years  Source of snow depth max. snow
Station (m) points (days)  per year Period of data data (cm) depth (cm)
Mt Buffalo - 1500 1 2. 33 - 1976-1984 9 RCA 7 47
Mt Buller 1520 1 2 34 1976-1984 9 RCA 85 37
Falls Creek 1500 1 2 34 1976-1984 9 RCA . 108 43
Falls Creek — 1660 20 15 7 1935-1946 and
Rocky Valley 1954-1981 43 SEC 119 56
Mt Hotham
St Bernard 1500 1 2 33 1976-1984 9 RCA 110 73
Diamatina 1760 1 2 37 1976-1984 9 RCA 151 92
Slay Cutting 1640 1 2 36 1976-1984 9 RCA 123 57
Thredbo
Village 1370 | 1 26 1969-1977 12 Thred 25 19
Mid Slope 1590 1 1 26 and 12 Thred 58 52
Merrits* 1680 1 1 80 1980-1982 11 Thred 78 61
Kareela 1860 1 1 119 12 Thred 109 85
Crackenback 1950 1 1 28 12 Thred 140 105
Spencers Creek 1830 7 6 14 1954-1984 31 SMHEA 206 74
Deep Creek 1615 4 7 18 1957-1984 28 SMHEA 119 57
Charlotte Pass 1800 4 15 6 1955-1984 30 SMHEA 136 71

*Merrits 1976 missing

SEC = State Electricity Commission of Victoria
SMHEA = Snowy Mountains Hydroelectric Authority
RCA = Road Construction Authority (Victoria)
Thred = Thredbo Pty Ltd

Fig. 3 Annual maximum snow depth at Falls Creek (full
bars) and Spencers Creek (crossed bars).
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rejected). Such a distribution is often followed by
rainfall and related hydrological variables (for in-
stance see Gibbs, Maher, and Coughlan 1978). Hence
the estimated return period for various depths can
be read off Fig. 4, but conclusions outside the data
limits seem hampered by a deviation of the data from
log-normal at the extremities. The low snow depth
outlier point at SPCK corresponds to the drought
year of 1982 when few measurements of snow depth
were made. From Fig. 4 we find that in three (one)
out of every four years we can expect the maximum
snow depth to be equal to or greater than 152 cm
(250 cm) at SPCK, and 71 cm (155 cm) at FCRV.

Several authors have pointed out both 2 and 4-year
cycles apparent in some snow depth records (Col-
quhoun 1978 and Linacre and Hobbs 1984). Figure
5 shows a harmonic (Fourier) analysis of the time
series of maximum snow depth averaged between
FCRYV and SPCK for the years 1954 to 1984, with
the 90 and 95 per cent significance levels indicated
(calculated on the basis of a ‘white noise’ null
hypothesis continuum). This reveals peaks at 2 years
and approximately 3.5 years. The former peak is sig-
nificant at the 95 per cent significance level, while
the latter at only the 90 per cent level. An inspec-
tion of the time series indicates that the peak at 2
years is possibly due to the tendency of very high
snow depth years to be followed by very low snow
depth years (note years 1956-57, 1964-65, 1968-69,
1974-75, and 1981-82 in Fig. 3). This idea was test-
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Fig. 4(a) Probability curve for annual maximum snow
depth at Falls Creek-Rocky Valley (broken line).
The 5 and 95 per cent confidence lines are indi-
cated (solid lines). The vertical scale is logarith-
mic. The horizontal axis represents the probabil-
ity that a particular snow depth will be equalled
or exceeded in any year. Based on 43 years of
data. Following Kneen 1985.
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Fig. 4(b) As in (a) but for Spencers Creek. Based on 31
years of data.
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ed by applying a chi-square contingency table test
to the 13 years of data when the FCRV maximum
snow depth equalled or exceeded 150 cm. These years
had a mean maximum snow depth of 186 cm, and
were followed by years of mean maximum snow
depths of only 83 cm (compared to the long-term
mean of 119 cm), with 10 years being below aver-
age. The null hypothesis tested was that there is no
preference for the year immediately following the
high snow depth years to be either above or below
average. The test indicated that the null hypothesis

Fi

g. 5 Harmonic analysis of annual maximum snow depth
at Falls Creek-Rocky Valley. Observations are plot-
ted (stars) and the smooth full line curve through
the points was obtained by cubic spline interpola-
tion. The 90 and 95 per cent confidence levels are
indicated (broken lines).
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could be rejected at the 90 per cent significance lev-
el, but not at the 95 per cent level. This implies (with
some caution) that very high snow depth years are .
indeed followed by low snow depth years. This cy-
cle may relate to the ‘quasi-biennial oscillation’
(QBO) found in Australian rainfall data by Cough-
lan (1978) and Pittock (1971). However, it should
be noted that such quasi-periodicities in meteorolog-
ical variables have often been found subsequently
to be non-stationary. This caution applies to the
3.5-year cycle, since an inspection of the time series
(Fig. 3) reveals that while major peaks are separat-
ed by 4 years from 1956 to 1972 (hence suggesting
a cycle to some earlier reports), the cycle has appar-
ently broken down since and was not strongly evi-
dent in the earlier section (1935-46) of the FCRV
record. This non-stationariness would also account
for the non-integral period of the cycle as found from
the harmonic analysis. A cycle in snow cover over
Eurasia with a period of 4 to 6 years has been men-
tioned on the basis of limited time series in the studies
of Matson and Wiesnet (1981) and Foster and Ran-
2o (1982).

The following section investigates the atmospheric
circulation features that contribute to the large varia-
bility of snow depth.
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Relationship between snow depth and
the atmospheric circulation

The Australian region mean winter circulation

In order to understand the relationship between the
maximum snow depth and the Australian region
(AR) circulation, winter mean AR 00 GMT numeri-
cal analysis for the years 1970 and 1984 were extract-
ed from the Australian Bureau of Meteorology daily
archives. Over the 15-year period these analyses have
been based on the conventional synoptic network
(surface and upper air), satellite imagery interpreta-
tion, progressively better remote sounding and cloud
drift wind satellite data (post-1975), drifting buoys
and improved aircraft winds (post-1978), and since
1983, data from local retrievals from the Tiros oper-
ational vertical sounder (TOVS) satellite platform
(Seaman, private communication). The analysis tech-
nique used since 1977 is detailed by Seaman, Fal-
coner, and Brown (1977), while that prior to 1977
is described in Maine (1966) and Maine and Seaman
(1967).

The 15-year mean winter Australian region anal-
ysis of mean sea level pressure (MSLP) with 850 mb
(approximately 1500 m altitude) wind speed overlaid
and 850 mb temperature and dew-point temperature,
are shown in Figs 6 (a) and (b), respectively. The
mean wind direction is interpreted geostrophically
from the geopotential height analysis at the level con-
cerned (not shown). The mean MSLP field is very
similar to the mean July field for the years 1957 to
1984 calculated by Kidson and Barnes (1984) from
the New Zealand Meteorological Service archived
analysis. The subtropical ridge (STR) is positioned
over central Australia, with a long wave westerly
trough south of the Western Australian coastline.
A mean westerly wind at 850 mb of strength 6 m s™
is directed onto the Australian highlands region. The
850 mb dew-point temperature indicates drier con-
ditions over southeastern Australia than that in com-
parable latitudes over Western Australia. The 850
mb temperature field indicates a free air tempera-
ture near the highland region of approximately 2.
degrees Celsius with the zero degree temperature ly-

Fig. 6(a) Mean 2300 GMT winter (June, July, August) mean sea level pressure (mb, solid contours) and 850 mb wind speed
(m s ,broken contours) for the Australian region. Based on 15 years of data for 1970 to 1984 inclusive. The 900 m
altitude contour over Australia is plotted.

WINTER MSLP AND 850MB WIND 2300
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Fig. 6(b) As in (a) but for 850 mb temperature (°C, solid contours) and dew-point temperature (°C, broken contours).

WINTER 850MB TEMP AND TDPT 2300

ing approximately along the 45 degree south latitude
in the longitudes of eastern Australia. The altitude
of Australian ski fields varies from 1370 m at the
bottom at Thredbo Village to the maximum eleva-
tion of 2228 m at Mt Kosciusko (see Fig. 1). Thus
most of the Australian ski resorts are close to or
slightly below the winter mean freezing level in the
free air.

The interannual standard deviations of the fields
(not shown) indicate high variability in the oceanic
regions to the south and west of the Australian con-
tinent. Over the highlands area the winter interan-
nual standard deviations are approximately 3 mb,
0.5 and 1.0 degrees Celsius and 1 metre per second
for MSLP, 850 mb temperature, dew-point temper-
ature, and wind speed, respectively. Given the fine
balance of the mean fields which just enables snow-
fall over the region, it is not surprising that these in-
terannual variabilities can produce substantial vari-
ations in the snow cover, presumably associated with
varied synoptic regimes during the different winters.
The variety of winter circulation patterns will be ex-
amined in the following.

Relationship between snow depth and the
subtropical ridge

Pittock (1973) introduced an index ‘L’, represent-
ing the latitude of the STR over eastern Australia,

in an attempt to explain variations in various at-
mospheric parameters, such as rainfall, total ozone,
and upper-level winds and temperatures. A tabula-
tion of the monthly means of the L index for the
years 1941 till 1981 inclusive was obtained from that
author. The annuatl cycle of L presented by Pittock
(1973) shows an L value for June somewhat higher
than one would expect from a smooth annual cycle.
It would seem that this feature is related to the oc-
currence of atmospheric ‘blocking’ over the eastern
Australia and Tasman Sea region in this month,
which produces a STR further south than normal
(Coughlan 1983 noted a maximum in frequency in
blocking in June along the 150 degrees east meridi-
an). However, during July and August blocking is
much less frequent over eastern Australia (though
still frequent in the Tasman Sea, Coughlan 1983) and
the STR over eastern Australia ‘jumps’ to its
northern ‘winter’ position. The correlation coeffi-
cient between winter L values and maximum snow
depth at FCRV and SPCK were -0.73 (34 years) and
-0.76 (28 years) respectively, both significant at great-
er than the 0.01 per cent significance level. Such a
strong relationship was first noted by Colquhoun
(1978) and is stronger than the July correlation of
L and rainfall over the highlands region from Pit-
tock (1971, his Fig. 4 (c)). These figures imply that
a one-degree northward shift in the latitude of the
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STR for winter produces a 14 cm increase the maxi-
mums in snow depth at FCRV and 20 cm at SPCK.
Prior summer and autumn L values show no signifi-
cant linear relationship to winter L values (Colqu-
houn 1978), indicating no predictive ability based on
a pre-snow season STR latitude value.

The correlation between snow depth and mean sea
level pressure

The AR MSLP numerical analyses for winter were
correlated with the annual maximum snow depth,
averaged from the FCRV and SPCK records, for the
15 years 1970-1984. Where possible, the stability of
significant relationships found will be examined by
correlation of the longer snow depth series (FCRV)
with station data.

The pattern of correlation coefficients between
average maximum snow depth and the JJA mean sea
level pressure (MSLP) and 850 mb wind speed is
presented in Fig. 7 with the 5 and | per cent sig-
nificance levels indicated. This figure shows a clear

preference in high maximum snow depth years to
have lower pressure over a large portion of the Aus-
tralian region, with a highly significant negative
correlation extreme in the area of Tasmania and the
southern Tasman Sea. The stability of this correla-
tion was investigated by extracting long records of
MSLP for two Tasmanian stations, Hobart Meteoro-
logical Office and Low Head lighthouse (marked by
‘HO’ and ‘LH’ respectively on Fig. 7). The 43-year
correlation coefficient between the FCRV annual
maximum snow depth and MSLP was -0.83 for both
Hobart and Low Head (the latter over 35 years only),
with both values being highly significant (greater than
0.1 per cent). The corresponding correlations with
SPCK snow depth are both -0.87 (based on 31 years
for Hobart and 28 years for Low Head), again with
high significance. The scatter diagrams of Hobart
MSLP and FCRV and SPCK maximum snow depth
are presented in Figs 8 (a) and (b), respectively, with
the least squares regression lines indicated. Thus a
1 mb decrease in winter average MSLP at Hobart
implies 14 cm (20 cm) increase in the maximum snow
depth at FCRV (SPCK). Hence the region of the

Fig. 7 Correlation coefficient between annual maximum snow depth averaged from Falls Creek and Spencers Creek and
the winter mean sea level pressure (solid) and 850 mb wind speed (broken). The 1 per cent (5 per cent) significance
level is the 0.72 (0.54) contour. Based on 15 years of data (1970 to 1984). Hobart and Low Head are marked as
HO and LH, respectively and the 900 m altitude contour over Australia is plotted.

WINTER MSLP AND 850MB WIND 2300






