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ABSTRACT 
 

Seasonal snow directly affects New Zealand's 
economy through the energy, agriculture and tourism 
sectors. In New Zealand very little is known about the 
long-term variability of the snow cover and the expected 
impacts of climate change on snow cover. The lack of 
systematic historical snow observations in New Zealand 
means that information on interannual variability, trends 
and projections of seasonal snow must be generated 
using simulation models. We present a preliminary 
analysis of simulations of the interannual variability of 
seasonal snow in New Zealand for the period 1998 -
2006 inclusive, and of snow in two future climate 
scenarios. The model uses an hourly time step to 
calculate the accumulation and ablation of the 
snowpack for more than 250,000 model elements in the 
South Island of New Zealand. Using this model, which 
captures the gross features of snow under the current 
climate, we assess the likely affects of climate change 
on seasonal snow in New Zealand using a down-scaled 
“middle of the road” (A1B) climate change scenario for 
the 2040s and 2090s. The results of this work are 
consistent with our understanding of snow processes, 
indicating that at nearly all elevations, the 2040s and 
2090s scenarios result in a decrease in snow as 
described by all of our summary statistics; snow 
duration, percentage of precipitation that is snow, and 
mean maximum snow accumulation in each year. This 
decrease in snow is more marked at elevations below 
1000m. Relative to snow simulations for average 
maximum snow accumulation for the present, we 
observe that by the 2040s, there is a 30% reduction at 
1000m, and a 10% reduction at 2000m. By the 2090s 
the reduction is greater, with a decrease of more than 
50% at 1000m and 25% at 2000m. These results are 
preliminary and are based on a short, nine year 
simulation period and a single climate change scenario. 
Future work should consider additional scenarios to 
assess uncertainty in the climate change scenarios and 
consider the changes in extremes in future climates. 
Improved ways to estimate alpine precipitation should 
also be investigated. 

 
1. INTRODUCTION 
 

Seasonal snow directly affects New Zealand's 
economy.  Snow contributes up to 24% of the inflows in 
the major hydro lakes (McKerchar et al., 1998), and as  
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much as 70% in Spring and early Summer. Many 
agricultural applications rely on the snow melt 
component of streamflow for their irrigation needs. 
Snow also provides numerous opportunities for winter 
recreation: the Ski Areas Association of New Zealand 
(SAANZ) estimate that about 200,000 New Zealanders 
ski or snow board regularly, and tens of thousands of 
tourists visit New Zealand ski fields every year. 
However, snow is also a hazard in some areas, causing 
winter time closures on the Milford Road (Hendrikx et 
al., 2005) and crop and infrastructure damage from low 
elevation winter snow storms (e.g. Hendrikx, 2007). 
Inter annual variability in seasonal snow amounts 
creates uncertainty in a range of sectors. In the energy 
sector, for hydro-power generation, in the agriculture 
sector, for water availability for irrigation, and in the 
tourism sector, for winter recreation. Seasonal snow 
cover is also a sensitive indicator of climate change. 
Future climate change is expected to change the 
distribution, extent and duration of seasonal snow and 
alter the melt regime. 
 
Unfortunately in New Zealand very little is currently 
known about the long-term historical variability of the 
snow cover and the potential impacts on the snow cover 
with climate change. The lack of systematic snow 
observations in New Zealand (Fitzharris et al., 1999) 
means that information on interannual variability, trends 
and projections of seasonal snow must be generated 
using simulation models.  
 
The aims of this work are to make the first quantitative 
estimates of the potential effects of climate change on 
seasonal snow, expressed as snow water equivalence 
(SWE), in the South Island of New Zealand. We also 
briefly comment on the potential impacts of these 
changes on the users of this resource. Analyses are 
based on climate data for the current climate and two 
future climate change scenario (based on the “middle-
of-the-road” emissions scenario known as “A1B” for 
2040 and 2090. The methodology for this work is to (i) 
extract current climate data and downscale climate 
change information for the future scenarios, and (ii) run 
a snow simulation model under the current and future 
climates. Differences between modelled SWE from the 
model runs are interpreted as the potential impact of the 
climate change scenario. This interpretation is subject to 
the assumptions of the models and the uncertainties of 
the climate scenario.  
 
 
 
 



2. STUDY AREA 
 
 The area of interest for this study is the South 
Island of New Zealand. The South Island spans 
latitudes 41°S to 47°S, and its isolation from cont inental 
influences and exposure to the westerly winds give the 
climate a maritime character. The South Island is 
dominated by the Southern Alps, a mountain range 
rising to over 3000m which forms the northeast–
southwest orientated spine of the South Island. 
Precipitation gradients across the Southern Alps are 
extreme, ranging from over 12,000 mm/year on the west 
coast to less than 500 mm/year in the rain shadow 
areas east of the divide. This orographic precipitation 
pattern occurs because the Southern Alps are aligned 
almost perpendicular to the prevailing westerly winds 
blowing across a large ocean expanse (Sturman and 
Tapper, 1996; Sturman and Wanner, 2001). This 
westerly dominated flow, modified by the topography of 
the Southern Alps, also influences the temperature 
regime of the South Island climate. Figure 1 shows the 
precipitation, temperature and elevation distribution for 
the South Island of New Zealand. 
 
3. DATA 
 
3.1 Climate data 
 
 To simulate the seasonal SWE, climate 
information is required for the current climate, and for 
two future scenarios, referred to in this work as the 
2040s and 2090s scenarios. Tait et al. (2006) and Tait 
(2008) have described a method to generate a set of 
high-resolution daily climate maps for New Zealand. 
Each daily map is created by interpolating between 
climate observations on that day. Each map has 
interpolated data on a grid of 0.05 degrees (approx. 5km 
by 5km). The rainfall grids (24-hour rainfall total from 
9am) begin in 1960, while the temperature grids 
(Maximum and Minimum temperature over 24 hours 
from 9am) are available from 1972. These grids 
continue to be automatically updated daily, as an 
adjunct to NIWA’s Climate Database. This set of data is 
named the Virtual Climate Network (VCN) data. 
 
The method used to interpolate the temperature has a 
significant effect on SWE simulation. To assess this 
affect, four alternative methods to interpolate 
temperature are presently being examined with respect 
to independent measures or proxies for temperature 
(e.g. treeline elevation of a given species). In the interim 
we have elected to use the BA5a method, which lapses 
observed daily maximum and minimum temperatures to 
mean sea level (MSL) using a lapse rate of 5°C/km, 
interpolates the MSL temperatures onto the 0.05 degree 
lat/long grid using a bilinear interpolation, and then 
lapses the gridded MSL temperatures to the grid 
elevations using the same 5°C/km lapse rate. Note, 
other lapse rates and other interpolation schemes are 
also being tested but are not reported here. For this 
study, due to computing constraints, we have only 
considered a nine year period (1998 to 2006 inclusive) 

for the current climate, where a year is defined as the 
period from April 1 to March 31 the following year, as is 
standard in Southern Hemisphere snow and glaciology 
community. A thorough assessment of the various 
temperature interpolation methods is outside the scope 
of this current paper. 
 
3.2 Climate change scenarios 
3.2.1 Overview 
 
 Global climate models used for the IPCC 
Fourth Assessment Report formed the basis of a 
recently revised set of climate change projections for 
New Zealand. These are described in detail in a 
guidance manual for local government (Ministry for the 
Environment, 2008). This section will make a short 
summary of the most pertinent issues in relation to this 
work, but the Ministry for the Environment (2008) report 
should be consulted for more details. 
 
3.2.2 Emissions scenario 
 
 Climate change projections for New Zealand 
are derived from the results of global climate models. 
These global models have been run with a range of 
possible future greenhouse gas emissions, and the 
results of the models are sensitive to the choice of 
emissions scenario. For the purpose of this work we 
have only used a single “middle of the road” emission 
scenario, A1B, to develop our climate change scenario. 
Future work will consider other scenarios. 
 
3.2.3 Downscaling 
 
 The coarseness of the output of a global 
climate model requires a method of downscaling to be 
used when considering applications for New Zealand. 
The global model output has been statistically 
downscaled to the same 0.05 degree grid used for the 
VCN. The methodology for downscaling temperature 
and precipitation to the Virtual Climate Network grid is 
described in Ministry for the Environment (2008). 
 
From the IPCC Fourth Assessment Report, results are 
available for over 20 different global models. The 
scenario adopted for this work is based on the average 
result of downscaling 12 models that perform acceptably 
in simulating the past climate of New Zealand and the 
South Pacific. Given sufficient resources, the 
downscaled scenarios from each of the 12 models 
should be used individually as input to the snow 
simulation model (rather than just using their average), 
so that a better appreciation of climate scenario 
uncertainty can be obtained. The downscaled global 
models do sometimes differ significantly from one 
another (see Appendix A3 in Ministry for the 
Environment (2008)).The scenarios assumed for this 
study are the 12-model average for the 2040s (2030–
2049) and for 2090s (2080-2099), based on the A1B 
emissions scenario (Figure 2). 



 

 
 
Figure 1    (A) Mean annual precipitation, (B) Mean annual air temperature and (C) Elevation distribution for the South 
Island of New Zealand. 
 
 
 

 
 
Figure 2     (A) 2040s projected change in air temperature and  (B) 2040s projected change in precipitation for the 
A1B scenario (average of 12 models). 
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3.2.4 Application to this study 
 
 Statistically downscaled change projections 
were developed on the ~5km VCN grid described above 
for monthly mean values of temperature and 
precipitation. The change referred to in the snow 
simulations is the difference between the periods 2030–
2049 (midpoint reference year = 2040), and 2080-2099 
(midpoint reference year = 2090), when compared with 
the base period 1998–2006 (midpoint reference year = 
2002). Ideally we should have used 1980 to 1999 as our 
base period, but the interpolated temperature data for 
the BA5a method was only available for the period 1998 
to 2006. 
 
Downscaled monthly mean values for changes in 
precipitation were divided evenly amongst current days 
with precipitation. Days with zero precipitation in the 
current climate are not changed in the future climate. 
Downscaled monthly mean values for changes in 
maximum and minimum air temperatures are added to 
the current maximums and minimums. In all cases the 
detailed future climate was developed by applying the 
downscaled changes to the current high-resolution daily 
climate data from the Virtual Climate Network. We have 
made no changes to the distributions of the current 
climate data (when offset for the 2040s and 2090s) to 
account for anticipated changes in extremes. We note 
that this is an area that requires further research. 
 
3.2.5 Assumptions and limitations 
 
 The data for the current climate come with the 
caveats noted in the associated publications (Tait et al. 
2006, and Tait, 2008). Particularly relevant to the snow 
simulations are the well-known challenges in estimating 
precipitation in alpine regions. The selection of the 
temperature interpolation method will also affect the 
results. 
 
4. METHODS 
 
4.1 The snow model 
 
 The snow model used in this work is a 
temperature index snow model as described by Clark et 
al., (Submitted). A temperature threshold discriminates 
between rain and snow based on whether the input 
temperature is above or below the threshold, and a melt 
factor converts the difference in temperature from the 
threshold to available melt energy. The model also 
accounts for the temporal variability in the melt factor by 
considering seasonal variability, enhanced melt during 
rain-on-snow events, and changes in albedo. The 
resulting melt factor at any given time is therefore a sum 
of a mean melt factor and the three time varying melt 
contributions mentioned above. 
 
As the elevation within model sub-basins often varies 
considerably, especially in mountains, estimating a 
representative temperature for a model sub-basin can 
be problematic. Here the model uses 100m elevation 

bands to account for variability in temperature within 
model sub-basins. The model uses an hourly time step 
to calculate SWE for 20,040 third order river basins in 
the South Island of New Zealand. These units are 
further subdivided by 100m elevation bands, producing 
258,307 independent modelling elements. Elevation 
bands increase the number of model elements, but 
provide more realistic snow simulations.  
 
4.2 Simulating historical SWE 
 
 Using the snow model described above, we 
simulate SWE for the period 1998-2006. The 
simulations are driven by the daily precipitation grids 
from the VCN and the daily temperature grids using the 
BA5a interpolation method. The precipitation is 
disaggregated from daily values to hourly values using 
multiplicative random cascades while the temperature 
data has a Sine curve fitted to the maximum and 
minimum temperatures (Clark et al., Submitted).  
 
Results from the snow model are plotted in a range of 
ways, including spatial plots and location dependent 
time series plots. For the spatial plots, mean maximum 
SWE in each year (mm), snow duration (fraction), and 
the fraction of precipitation which is snow (fraction) are 
plotted for the South Island of New Zealand. 
 
Time series plots are also presented for a few specific 
locations. In this situation the closest grid cells in the 
VCN layers are used to model the SWE at the given 
point. These time series plots can then be compared to 
observations for snow at this location. Comparing 
observations with modelled data should be done with 
some caution when using this method, as issues such 
as micro-topography, spatial variability in accumulation 
and melt, and wind redistribution all occur at spatial 
scales that are smaller than the model elements. 
Therefore, we do not expect the model to produce an 
exact 1:1 result at observation locations and instead 
general trends in SWE between observations and model 
should be compared. 
 
The snow model was run with a range of parameter 
sets, each with a unique subset of parameters defining 
the melt / accumulation threshold, the melt factor and 
the seasonal amplitude. Using a range of measures for 
seasonal snow, including water balance estimates, point 
observations, and the Technical Committee on Snow 
(1969) snow classification, each of the parameter sets 
were evaluated. A thorough discussion of the methods 
use to validate the selection of a parameter set can be 
found in Clark et al., (Submitted). The selected ideal 
parameter set was defined with a temperature threshold 
of 274K (i.e. +1
C), a melt factor of 5 mmK -1d-1 and a 
seasonal amplitude of 5 mmK-1d-1. Using this parameter 
set, nine years of daily precipitation and temperature 
data where used to simulate historical SWE for the 
South Island of New Zealand. 
 
 
 



4.3 Simulating future SWE scenarios 
 
 To simulate SWE for the 2040s and 2090s 
future climate change scenarios we repeated the above 
described snow simulation, altering only the 
temperature and precipitation input data, as described 
above. The model and model parameter set were 
unchanged.  
 
The results of these nine years of snow simulations 
were plotted both spatially and as location dependent 
time series plots, as above. For the spatial plots, 
difference plots where also created showing the change 
(absolute and relative) from current to the 2040s and 
2090s. The graphs showing various parameters with 
elevation and the location dependent time series plots 
have both the current and the 2040s and 2090s data 
over-plotted to permit convenient comparisons. 
 
5. RESULTS 
 
5.1 Historical SWE 
 
 The credibility of the snow model is first 
evaluated through comparison of modelled SWE 
(average for the 9 year period) with observed SWE 
(average for the available data) at specific locations 
(Figure 3). Initial results show reasonable validation of 
the model when compared to the available snow data 
set. As mentioned above, we do not expect the model at 
point locations to produce an exact 1:1 result and 

instead we consider the general trend in terms of the 
overall shape of the snow accumulation and melt curve 
and the amount and timing of the peak accumulation. 
 
Turning to the spatial analyses, we next assess spatial 
patterns of SWE for each year of the historical period 
(Figure 4). The snow simulations capture the known 
inter-annual variability of SWE in the South Island of 
New Zealand. The spatial plots show how maximum 
SWE varies in both spatial extent and location, as well 
as the overall volume. These spatial patterns agree well 
with additional qualitative information such as ski 
season quality, avalanche season intensity, and 
intensity of the. In particular 2000, 2004 and 2006 are 
widely considered to have been “good” snow years, 
while 1999 and 2003 where both “lean” snow years. 
 
5.2 Future SWE 
 
 Figures 5 and 6 show a decrease in the 
fraction of the year that there is snow cover in both the 
2040s and 2090s scenarios. This decrease is evident at 
all locations and all elevations, but is especially marked 
at lower elevations. By the 2040s the decrease is almost 
20% at 1000m and by the 2090s snow duration 
decreases by over 30% at 1000m (Figure 6). At lower 
elevations there is a greater percentage decrease in 
fractional snow duration, decreasing by almost 100% at 
sea level.  
 
 

 
 

 
 

 
 
Figure 3    Average modelled and observed SWE for the period 1998 to 2006, with observations (red), modelled for 
current day (black), 2040s (blue) and 2090s (green). Where (A) are averaged observations for three years, and 
modelled data for Rose Ridge (1910 m) and (B) are averaged observations for the whole period, and modelled data 
for Panorama Ridge (1510 m). Observations courtesy of Meridian Energy Ltd. 
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Figure 4    Maps of maximum SWE for the 9 year period (1998-2006). 

 
Figure 5    Fractional snow duration for current, 2040s and 2090s scenarios. 
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Figure 6    Percentage change in fractional snow duration for the 2040s and 2090s scenario when compared to the 
current. 
 
 
Figures 7 and 8 show a decrease in the fraction of 
precipitation that is snow in both the 2040s and 2090s 
scenarios. As for snow duration (Figure 5 and 6), this 
decrease is evident at all locations and all elevations, 
but is especially marked at lower elevations. The 
greatest percentage reduction is at low elevations and 
in regions to the East of the Main Divide (e.g. 
Canterbury and Kaikoura Ranges). By the 2040s the 
decrease is almost 30% at 1000m and by the 2090s 
the fraction of precipitation that is snow has 
decreased by almost 50%. 
 
Maximum SWE for the 9 year period (Figures 9 and 
10), show a significant decrease at nearly all 
elevations, except for the very highest elevation 
locations (above approx 2900m) for the 2040s 
scenario, where a very slight increase is observed. In 
the 2090s scenario there is a significant decrease in 
maximum SWE at all elevations. The largest change 
(in absolute amounts) in both the 2040s and 2090s is 
along the Main Divide and into Fiordland. These are 
locations that currently have the greatest values of 
SWE. In relative terms, the greatest percentage 
change is at low elevations areas (Figure 10). By the 
2040s the decrease is almost 30% at 1000m and by 
the 2090s the decrease is over 50% at 1000m. At 
2000m the decrease in SWE is slightly less marked, 
with almost a 10% decrease by the 2040s and 25% 
by the 2090s. At elevations below 1000m there is a 
greater percentage decrease in average SWE as one 
approaches sea level, with average maximum SWE 

reducing by approximately 50% in the 2040s and 70% 
in the 2090s near sea level. 
 
6. DISCUSSION AND CONCLUSION 
 

The results presented here are the first 
quantitative assessments of the potential affects of 
climate change on seasonal snow in New Zealand. 
The results are somewhat expected and are 
consistent with our understanding of snow processes 
– i.e. much less snow at low elevations, and 
marginally more at high elevations. This is also what 
the inferences from the downscaling of the 
atmospheric models suggested (due to increased 
temperature and precipitation along the main divide). 
This result is also comparable to the results of other 
research in similar mid-latitude settings (e.g. Norway). 
Roald et al., (2002) reported that the model runs for 
Norway showed the winters become warmer, with 
snow storage declining at low altitudes, but increase 
in the higher altitudes as a result of greater 
precipitation. However, the elevation at which this 
increase in SWE occurs at is very high in this study at 
2900m. The area of the South Island above 2900m is 
less than 0.01%, so in terms of total snow storage and 
snowmelt processes, this additional snow is 
negligible, especially when compared with the losses 
at lower elevations.  
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Figure 7    Fraction of precipitation that is snow for the present, the 2040s and 2090s scenarios 
 
 

 
 
Figure 8    Percentage difference in fraction of total precipitation that is snow for 2040s and 2090s scenarios, 
compared to current. 
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Figure 9    Maximum snow accumulation (SWE in mm) for current, the 2040s and 2090s scenarios 
 

 
 
Figure 10    Percentage difference in maximum snow accumulation (SWE) for 2040s and 2090s scenarios, compared 
to current. 
 
 In strong contrast to the slight increase at 
high elevations, the decrease in all summary statistics 
(snow duration, percentage of precipitation that is 
snow, mean maximum SWE in each year) at 
elevations at and below 1000m (i.e. 79% of the South 
Island by area), suggests a very marked change to 
low elevation snow in the South Island of New 
Zealand. If we consider average maximum SWE, this 
work suggests that by the 2090s at 1000m less than 
½ of the current day SWE will be present. Figure 11 
presents a synopsis of the results as graphs of the 

three key summary statistics presented as percentage 
relative change for the 2040s and the 2090s, plotted 
against elevation.  
 
 Spatially we observe that low elevation 
(mainly coastal) areas have the greatest relative 
change in SWE, as the infrequent low elevation 
storms which are present in the current climate 
become simply too warm to produce snow in the 
2040s and 2090s scenarios. In part this is an artefact 
of the change scenario methodology used, but may 
also reflect a future climate with warmer conditions  

2090s 2040s 
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Figure 11    (A) Percentage difference in snow 
duration, (B) fraction of total precipitation that is snow 
and, (C) maximum snow accumulation (average 
within 100m elevation bands) for the 2040s (green) 
and 2090s (blue) scenarios, compared to the current. 
Elevation is along the x axis from 0 to 3700m and 
relative percentage change is on the y axis from 
+100% to -100%. 

less conducive for low elevation snow storms. 
Relatively little is currently known about changes in 
the probability of extreme events in these future 
climates. 
 
 We also observe a significant reduction in 
SWE along the spine of the Main Divide (below 
approximately 2900m), which has implications for the 
timing, volume and duration of snow melt runoff. 
Seasonal snow provides natural storage of winter 
precipitation until spring and summer, so decreasing 
the seasonal snow would alter the flow regime of 
rivers and streams with alpine catchments, and 
inflows into the major lakes and rivers used for 
hydroelectricity and irrigation. We also observe that 
during winter there would be runoff rather than snow 
accumulation increasing winter flows and reducing the 
base flow in spring and early summer. This may be 
beneficial for hydro electricity power generators, as 
this would provide additional inflows at a time when 
they are most needed (based on current winter 
demand). However, for irrigation, this may be 
problematic as the natural snow storage mechanism 
will be reduced and thereby reduce the snow melt 
component of runoff in spring and early summer. A 
more thorough hydrological modelling approach is 
required to definitively address these and other water 
related issues.  
 
 In terms of snow as a resource for the ski / 
snow industry, the decrease of snow at elevations of 
their concern (1000 to 2000m) will become 
increasingly problematic, depending on their ability to 
adapt. If we again consider the relative decrease in 
average maximum SWE at 1000m and 2000m, 
typically the lower and upper limits of ski-fields, we 
observe that by the 2040s, there is a 30% and 10% 
reduction in SWE at 1000 and 2000m respectively. By 
the 2090s this is even more, with a decrease of more 
than 50% and 25% respectively. Assuming that there 
are enough periods of cold, sub-zero weather, then 
this reduction in SWE may still be within the adaption 
zone, as ski-fields can make additional snow (provide 
there is sufficient water). Future work aims to look in 
more detail at each individual ski field and assess 
their ability to mitigate or adapt to the effects of 
climate change, mainly through snow making.  
 
 While the results we present here are 
consistent with our understanding of snow processes, 
we must urge caution in their use. This work has only 
used a single middle of the road downscaled 
emissions scenario (A1B), and a single pattern of 
change (the 12-model average) to generate our 
climate change scenarios for the 2040s and 2090s. 
Users should consider using a range of emissions 
scenario as well as the downscaled scenarios from 
each of the 12 models individually as input to the 
snow simulation model providing better appreciation 
of the uncertainty inherent in climate scenarios. The 
change scenario methodology employed is also a 
very simple approach; in particular that it does not 

A 

B 

C 



make any allowance for changes in extremes. These 
extreme events are of great importance, particularly 
for ski-fields as often one (large) well timed storm can 
be more beneficial for a ski-field than the same 
amount of snow arriving in small amounts over the 
space of a few weeks. Future work will further 
investigate these and other related issues through the 
coupling of a regional climate model with the snow 
model, to simulate future climates and impacts. 
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