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Abstract
Depending on the pace of global climate 
change, snow and ice are two resources that 
are likely to show significant change over 
the next 20 to 100 years. Such changes will 
have substantial impacts on the long-term 
planning for water resources and the daily 
operations of hydro-electricity generation, 
agriculture and tourism/skiing industries. 
These changes will also affect all aspects of the 
alpine and downstream environments, with 
influences on the hydrological cycle, erosion 
and land stability, biodiversity, and recreation 
in these areas. In 2006, the National Institute 
of Water and Atmospheric Research (NIWA) 
started to develop the National Snow and Ice 
Monitoring Network (SIN), an expansion of 
the climate station network, to better observe 
and quantify changes in the cryosphere. The 
new network has two primary aims: first to 
gain a better understanding of snow and ice 
in terms of a resource and a hazard; secondly, 
to assess the future impact of climate change 
on snow and ice. This means that NIWA 
and New Zealand have both a real-time and 
a long-term need for the data from these 
sites. New Zealand lacks a good record of 
historical snow data, and the previous climate 
network configuration had poor coverage 
of areas at higher elevations. We discuss 

the instrumentation, location selection 
and installation of the new SIN sites. The 
resulting climate station configuration greatly 
improves the coverage of land areas above 
1,000 m in elevation. 
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Introduction
Seasonal snow is an important natural resource 
for New Zealand. The year-to-year variability 
in seasonal snow has a direct impact on the 
national economy through water resources, 
hydro power generation, agriculture and 
tourism. For example, many agricultural 
sectors rely on the snowmelt component of 
streamflow for their operations and snow has 
been estimated to contribute up to 24% of 
the annual inflows to the major South Island 
lakes (McKerchar et al., 1998). In addition to 
its value as a water resource, seasonal snow also 
provides numerous opportunities for winter 
recreation. In 2011 alone, New Zealand had 
almost 1.4 million skier days, with 28% of 
these from international visitors (Hopkins 
et al., 2012). However, snow can also be a 
hazard, with avalanches causing the closure 
of the Milford Road (Hendrikx et al., 2005) 
and heavy snow at low elevations resulting in 
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losses of livestock and damage to buildings 
and infrastructure (Hendrikx, 2007a).

In addition to this interannual variability, 
seasonal snow is also a sensitive indicator 
of climate change (Lemke et al., 2007). 
The spatial extent of snow in the Northern 
Hemisphere has been documented to have 
decreased over recent decades (e.g., Robinson 
and Frei, 2000; Lemke et al., 2007). 
Regional shifts in amounts of snow are quite 
pronounced, for example in western North 
America, there have been substantial decreases 
in the water equivalent of the mountain 
snowpack, accompanied by a shift to earlier 
timing of snowmelt (e.g., Regonda et al., 
2005; McCabe and Clark, 2005; Mote et al., 
2005). While these trends in observations 
are well documented in the Northern 
Hemisphere, relatively little is known about 
the long-term variability of seasonal snow 
in the Southern Hemisphere (Lemke et al., 
2007), apart for a few short term studies in 
Australia (e.g., Nicholls, 1995 and Osbourne 
et al., 1998).

New Zealand also lacks information, 
due mainly to the lack of systematic snow 
observations (Fitzharris et al., 1999). 
Therefore, the only reasonable way to generate 
information on year-to-year variability and 
trends in seasonal snow is to use physically-
based simulation models. This has been 
undertaken using the SnowSim snow model 
(e.g., Fitzharris and Garr, 1995; Fitzharris, 
2004; Kerr, 2005) and more recently using 
an updated temperature index model by 
Clark et al. (2009) for snow simulations. 
The model developed by Clark et al. (2009) 
was then also subsequently used to assess the 
potential impact of climate change on the 
hydrology of the Clutha (Poyck et al., 2011), 
and for estimates of seasonal snow at both a 
national scale (Hendrikx et al., 2012) and at 
site-specific scales for ski areas (Hendrikx and 
Hreinsson, 2012).

However, in all of these previous studies, 
the model has either directly relied on a 

series of low-elevation climate stations, or 
an interpolated series of temperature and 
precipitation grids (Tait et al., 2006), which 
are also based on mainly low elevation 
stations (Fitzharris, 2004; Clark et al., 2009). 
Given the economic importance of snow 
in New Zealand, and the lack of systematic 
observations at these higher elevations, it is 
clearly important to improve the observational 
network for improved cryospheric modelling 
and understanding of New Zealand’s alpine 
climate.

This paper outlines the scientific rationale 
for the placement of the Snow and Ice 
Monitoring Network (SIN) sites that 
were installed by the National Institute of 
Water and Atmospheric Research (NIWA) 
from 2006 onwards. A brief description 
of historical snow data and the current 
network configuration are provided; the 
location selection, installation, and the 
station design are described; and the resulting 
SIN configuration is presented. The paper 
concludes with a discussion of potential areas 
for improvement and on-going challenges.

Historical snow observations  
and the climate network
Historical snow observations
Prior to 2006, unlike many other countries 
around the world that experience seasonal 
snow (e.g., United States, Canada, 
Switzerland), New Zealand did not have a 
national monitoring network to adequately 
observe this resource. New Zealand lagged 
behind many countries in the world—even 
countries like Kazakhstan, which the United 
Nations considers to be less well developed 
than New Zealand (UN Development 
Programme, 2013), had a national snow 
monitoring network (Izrael and Rovinsky, 
1988), while New Zealand did not. On the 
other hand, New Zealand has an excellent 
record of glacier snowlines, which dates back 
to 1977 (Chinn et al., 2012). While the 
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glacier snowlines are a snow observation of 
sorts, they are only an annual snapshot of 
the end of summer snow lines and present 
the aggregate of seasonal snowfall and the 
subsequent summer melt, not just the 
seasonal (i.e., winter) snow. These snowlines 
are used as a proxy for the amount of snow 
that is added or subtracted from the glacier 
mass balance at annual time scales (Chinn  
et al., 2012). 

Published historical observations of 
seasonal snow in New Zealand are limited 
to only a few sparse, short-term and mainly 
non-continuous (i.e., seasonal) records (e.g., 
7 years, Morris and O’Loughlin (1965);  
2 years, Harrison (1986); 14 years, Hendrikx 
et al. (2005); 21 days at two sites, Purdie et 
al. (2011)). While many ski areas do record 
seasonal snow, their records have often been 
marred by errors due to sensor malfunction, 
lack of site maintenance, or they have 
periods of data erased as new management or 
ownership changes have occurred (Hendrikx, 
2007b). In addition, in the South Island of 
New Zealand, these ski areas are located to 
the east of the main divide in the relatively 
less snowy regions (Clark et al., 2009). The 
notable exception to this lack of quality snow 
observations are the data collected in the 
upper reaches of the Pukaki Catchment at 
Rose Ridge (1900 m) and Panorama Ridge 
(1650 m) by Meridian Energy Ltd and its 
predecessors since 1992 (Kerr, 2005), and 
above the Milford Road in Fiordland at Mt 
Belle (1600m) by New Zealand Transport 
Agency and its predecessors since 1984 
(Hendrikx, 2005). Due to the proprietary 
nature of these data, and the restrictions on 
these data sets to direct public access, these 
sites have not been included in this analysis.

The climate network
An analysis of the 2006 NIWA climate 
observation network, or Electronic Weather 
Stations, showed a clear disparity between the 
elevation distribution of the New Zealand 

land area, and the elevation distribution of 
the network. While the Electronic Weather 
Station network is considered to be relatively 
well distributed, based on the locations of 
populations and defined climate regions, it is 
poorly configured when assessed by elevation. 
Adding in the MetService Automatic Weather 
Station network does not substantially 
improve this aspect of the network coverage. 
For example, 51% of the land area of the 
South Island of New Zealand is above 500 m 
in elevation, but less than 10% of the NIWA 
Electronic Weather Station network was at or 
above these elevations (prior to 2006). This 
disparity is even more accentuated at higher 
elevations, with more than 22% of the land 
area of the South Island over 1000 m, but 
only slightly more than 1% (or one site) of 
the NIWA weather station network above the 
elevation (Fig. 1).

If a comparison is made internationally, 
in Switzerland for example there are over 
100 alpine climate stations in the Swiss 
Alps alone, providing a station density of 
approximately 1 per 270 km2 (the Swiss Alps 
cover approximately 65% of Switzerland’s 
surface area of 41,285 km², or approximately 
26,835 km2). By contrast, if one considers 
the area above 500 m in the South Island 
to be the Southern Alps (i.e., 76,440 km2), 
then New Zealand would require more than 
280 stations to achieve the same coverage as 
Switzerland, as opposed to the 8 stations that 
were present in 2006. While this comparison 
is overly simplistic and not sufficient to 
warrant a similar level of investment as 
Switzerland (due to differences in population 
centres, tourism and development in the 
mountains, etc.), it does provide another view 
to highlight the relatively poor coverage by 
elevation of the Electronic Weather Station 
network.
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Site selection and installation 
process
Site selection
To address this clear deficiency in the elevation 
distribution of the Electronic Weather Station 
network, and to better quantify cryospheric 
resources, a development program to build 
the National Snow and Ice Monitoring 
Network (SIN) was initiated by NIWA in 
2006. In the first phase of SIN, up to 15 
new sites throughout New Zealand were 
planned. Data from SIN, combined with the 
enhancement of existing model capabilities, 
are intended to aid scientific understanding 
of seasonal snow, avalanches, snow melt, 
glacier mass-balance, and the impacts of 
climate change in the alpine regions of New 
Zealand (primarily the Southern Alps). 
The SIN sites were selected using a multi-
criterion assessment, to maximise their 

Figure 1 – Cumulative elevation as a percentage of the land area of New Zealand (NZ), the South Island 
(SI), all pre-2006 Tier 1 climate stations operated by NIWA and the MetService (i.e., Electronic 
Weather Stations (EWS) and Automatic Weather Stations (AWS) (ALL), and the pre-2006 NIWA 
Electronic Weather Stations alone (EWS).

representativeness and coverage in terms  
of the:
•	 Elevation
•	 Climate	 regions	 as	 defined	 by	 NIWA	

(2012)
•	 Distance	east	and	west	of	the	Main	Divide
•	 Latitude
•	 Major	 river	 catchments	 with	 snowmelt	

(Clark et al., 2009)
•	 Snow	avalanche	regions	as	defined	by	the	

Mountain Safety Council (2012), and
•	 other	research	and	operational	needs	(e.g.,	

Department of Conservation management 
needs)
These selection criteria resulted in the 

upgrading of three existing Electronic Weather 
Stations to include automated measurement 
of snow depth, and the installation of a 
further 10 new electronic station sites  
(Table 1).
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Table 1 – Details of the installed and proposed (in grey) NIWA Snow and Ice Monitoring Network 
sites, including site name, elevation, National Park (if within) and operational status.

Site Elevation(m) National Park Status

Chateau at Ruapehu 1100 Tongariro Upgraded existing site

Mahanga 1955 Nelson Lakes New site installed

Rolleston Glacier 1655 Westland New site installed

Arthur’s Pass 740 Arthurs Pass Upgraded existing site

Ivory Glacier 1390 Westland New site installed

Rakaia 1752 – New site installed

Mt Potts 2128 – New site installed

Mueller Hut 1780 Aoraki/Mt Cook New site installed

Mt Cook 760 Aoraki/Mt Cook Upgraded existing site

Albert Burn* 1280 Mt Aspiring New site installed

Mt Larkins 1915 – New site installed

Murchison Mts 1120 Fiordland New site installed

Castle Mountain 2000 Fiordland New site installed

Ruapehu 2000-2480 Tongariro Discussions with DOC and Iwi

Brewster Glacier 1680 Mt Aspiring Awaiting new MANPMP#

* Albert Burn is in association with Otago Regional Council.
# Mount Aspiring National Park Management Plan

Once the general areas for the new sites 
were defined, detailed analyses of topographic 
maps, satellite images, Google Earth and 
finally on-site inspections in summer and 
winter by helicopter were made to refine 
the exact location (within a 5 m site). In all 
cases these final locations were selected in 
collaboration with staff from local Depart- 
ment of Conservation offices, or land owners 
and managers with many years of local 
knowledge about local snow accumulation 
patterns. The placement within the terrain 
was a critical factor, and much time was spent 
considering local wind drifting and scouring 
of snow. Where ever possible, the site location 
adhered to the best practice guidelines as 
established by the World Meteorological 
Organization (WMO, 2008). However, 
due to the alpine micro-topography and the 

exposed nature of many of these sites, all sites 
are expected to experience some degree of 
wind distribution of the snow. In addition 
to these considerations, the sites were also 
located to minimise their visual impact on the 
landscape, so other than at a few sites adjacent 
to backcountry huts, they are typically 
difficult to find within the landscape.

Documentation and installation
To ensure the longevity of these sites, for all 
stations placed on Crown Land managed by 
the Department of Conservation, a long-
term, 30 year concession was obtained. For 
sites placed on private or lease-hold land an 
easement was obtained. As documented by 
Karl et al. (1995), a critical issue for long-term 
monitoring is maintaining a stable, long-
term commitment to these observations, and 
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guaranteeing their legal status was one way to 
facilitate this. Once the legal documentation 
was in place and the final site investigations 
were made, each station was pre-built at 
NIWA in Christchurch by the Instrument 
Systems team. Once built, they were tested to 
ensure that all sensors were operational and 
then partially dismantled for transport to the 
site by road, and subsequently by helicopter. 
Once the station was at its final location, 
it was then mostly re-built while at ground 
level, and once ready, lifted into place using 
a long-line under a helicopter. At each site an 
appropriate foundation was built, either by 
excavation and concreting in a 1-m section of 
mast tower, or by rock drilling up to 1 m down 
into the bedrock. The completed station was 
then lowered onto the pre-made foundation 
and affixed using anchor bolts and three guy 
wires (Fig. 2). Site installation was typically 
completed within one day, except when using 
concrete for the foundation, in which case 
the installation was spread out over two one-
day periods.

Figure 2 – A series of photos showing a typical site installation. (A) The station is pre-built in  
the workshop, partially dismantled for transport to the site, and then re-built on location; the 
foundation is also prepared. (B) The station is then connected to a long-line and lift by helicopter. 
(C) The station is then carefully lowered on to its foundation and the anchor bolts are tightened. 

(Photos: Shane Rodwell)

A B C

Station design and instrumentation
A schematic of a full site is shown in Figure 3 
and photos of a completed site are shown in 
Figure 4. The mast consists of two sections 
of 3.2-m triangular lattice mast bolted 
together. Attached to this mast is a 3-m 
cross arm, typically at 4 m above the ground. 
On one side of the cross arm an RM Young 
ice-phobic (or in some cases an ultrasonic) 
anemometer was placed, while on the other 
a LI-COR Pyranometer was installed. Below 
this, a Vaisala HMP155 air temperature and 
relative humidity sensor was located inside 
a naturally aspirated solar radiation screen. 
This was located immediately above the main 
data-logger box, which contains the CR1000 
data-logger and solar regulator. Adjacent to 
this a SR50a ultrasonic sensor is located on 
a smaller cross arm, which is used to measure 
the snow depth. At key locations snow pillows 
were also installed to record the total weight 
of the snow and thereby enable the estimation 
of the snow water equivalent (in mm). Large 
2.8 m diameter hypalon snow pillows were 
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imported from the USA, filled with a 50:50 
mixture of water and food grade glycol, and 
then encased in light-weight sheet metal to 
protect them from animals, windborne debris 
(e.g., rocks), mistreatment, and UV radiation. 
An unshielded tipping bucket precipitation 
gauge was also placed either adjacent to, 
or on the station (typically on the upper 
cross arm). Due to the power requirements 
for heating, and lack of a wind shield, the 
snowfall data from these instruments are 
of limited value (Goodison et al., 1998). 
This is due to the well documented under-
catch of solid precipitation that occurs with 
unshielded precipitation gauges. The stronger 
the wind speed at the time of precipitation, 
the greater the under-catch. Experiments 
indicate that at wind speeds of 6 m/s, only 
about 20% of the falling solid precipitation 
is being observed in an unshielded gauge 
(Goodison et al., 1998). Despite these 
limitations for solid precipitation, the liquid 
precipitation component of the total annual 

precipitation cycle will be more adequately 
captured using these sensors. At some sites, 
snowpack temperatures are recorded at four 
heights above the ground: 10, 60, 110, 
and 240 cm. The stations are powered by 
20 W of solar panels, with a 24 Ah battery 
backup and storage. At most sites these data 
are transmitted hourly using Neon satellite 
communications. Each site was designed and 
engineered to withstand continued inclement 
alpine weather conditions. However, 
maintenance visits to calibrate and replace 
individual sensors and to check the main 
station infrastructure are undertaken every 
6–12 months, or as needed.

A

B

Figure 3 – A schematic of a full Snow and Ice 
Monitoring Network (SIN) site, as installed 
at the Murchison Mountain site in Fiordland, 
Mahanga site in Nelson Lakes, the Mueller Hut 
site in Aoraki / Mt Cook and the Rolleston 
Glacier site in Westland.

Figure 4 –  
(A) A summer photo of the Murchison 
Mountains Snow and Ice Monitoring 
Network site in Fiordland National Park, and 
(B) a winter photo of the Mahanga site in 
Nelson Lakes National Park. 

(Photos: Jordy Hendrikx)
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Resulting network configuration 
and applications
Network configuration
The addition of the 10 new sites has seen a 
substantial improvement in the elevation 
distribution of the NIWA Electronic Weather 
Station network (Fig. 5 and Table 2). Figure 5 
clearly shows that the cumulative distribution 
of the network has been altered in such a 
way to improve the correlation to the land 
area elevation cumulative distribution at 
elevations above 1000 m. Above 1500 m there 
are now even slightly more stations (expressed 
as a percentage of the total) than the land area 
expressed as a percentage. Table 2 shows that, 
at the respective 95th and 99th percentiles, 
the station elevations are now higher than the 
cumulative land area elevation of the South 
Island (1800 m and 2100 m for the network, 
as compared with 1600 m and 1950 m for the 
land area). This is a pronounced shift from 

the pre-2006, pre-SIN configuration of the 
NIWA Electronic Weather Station network, 
in which these areas were grossly under-
represented. Given the anticipated changes 
to the cryosphere and our alpine climate as a 
result of projected climate change (Hendrikx 
et al., 2012; Hendrikx and Hreinsson, 2012) 
this new capacity is warranted and will be 
needed to better observe these changes. 
However, to address the differences between 
the elevations of 100 and 1000 m (Fig. 5), 
and still maintain the low elevation coverage, 
many additional sites and a complete network 
reconfiguration would be needed. 

Applications and data products
Data from this network has been used for a 
number of applications including:
•	 Weather	forecasting	(e.g.,	NIWA’s	

EcoConnect)
•	 Avalanche	forecasting	(Mountain	Safety	

Council)

Figure 5 – Cumulative elevation as a percentage of the land area of New Zealand (NZ), the South 
Island (SI), NIWA Electronic Weather Stations pre SIN (EWS Pre-SIN), and NIWA Electronic 
Weather Stations in 2013, including new SIN sites (EWS 2013).
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Table 2 – Elevations (m) of the New Zealand land area, South Island land area, the NIWA Electronic 
Weather Station Network pre and post the Snow and Ice Monitoring Network (SIN), expressed  
as percentiles.

Percentile
New Zealand

land area elevation
(m)

South Island
land area elevation

(m)

Pre-SIN network
elevation

(m)

2013 including
SIN network

elevation
(m)

75th  750  950  200  350

80th  850 1050  250  450

85th 1000 1200  350  650

90th 1150 1350  450 1050

95th 1400 1600  700 1800

99th 1850 1950 1050 2100

•	 Snowstorm	assessments	 
(e.g., Hendrikx, 2009)

•	 Streamflow	forecasting	(e.g.,	NIWA’s	
EcoConnect), and

•	 Climate	and	cryosphere	research.
One set of observations that have been of 

particular interest, and a main focus from 
the start, has been the measurement of snow 
depth and the estimation of snow density, as 
these two pieces of information are required 
to estimate the snow water equivalent, 
i.e., the amount of water locked up in the 
snowpack. This is important for spring 
runoff and recharge, as in some catchments 
this component of the water balance can be 
very substantial (McKerchar et al., 1998). 
Snow is also very sensitive to changes in 
temperature (and precipitation), so these 
new snow data will provide another index 
or measure of climate change. Furthermore, 
these data are also important for real-time 
applications such as avalanche and streamflow 
forecasting. Using a snow depth sensor and 
the snow pillow, one can estimate the density 
of a layer of snow or the snowpack as a whole  
(Fig. 6). Both of these observations can greatly 
assist with regional avalanche forecasting, 
especially in the absence of manual snowpack 

observations. Snowpack temperatures also 
permit the tracking of liquid water within 
the snowpack, helping us determine if the 
snowpack has become isothermal, or to what 
depth the water has penetrated, important for 
both avalanche activity as well as predicting 
the timing of snowmelt runoff.

Figure 6 shows a graph of the snow depth 
(m) and snow water equivalent (mm) from a 
storm in early May, 2009 at the Murchison 
Mountains site in Fiordland. This shows 
that there was approximately 0.16 m of snow 
fall, and this represented about 16 mm of 
water. This indicates that the density of this 
snowfall was around 100 kg/m3, or that the 
snow had approximately 10% water content. 
As the season progressed at this site, the 
snowpack ‘ripened’ and the water content 
slowly increased to about 30% at the end of 
winter / early spring. When it started melting 
in spring, the water content was observed to 
be between 45% and 55%. These were the 
first observations of this kind from this area, 
and assisted the Department of Conservation 
with both avalanche safety management and 
timing snow melt runoff.

Real-time non-quality-assured data for 
each site are provided to the land owners or 
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managers via access to a secure internet web 
page. In many cases this is the Department 
of Conservation, and they are using these 
data for a range of management purposes, 
including snow and avalanche management 
and hut/track closures. At most sites, this is 
the first time that real-time data has been 
available from these remote locations to assist 
in management decisions. The data is also 
provided to the Mountain Safety Council 
for use in producing the daily backcountry 
avalanche advisory. These new data enable 
the regional avalanche forecaster to have 
improved information on snow depths, 
densities, temperatures, and wind speed 
and direction from a remote location where 
manual observations are not possible. The 
public also have free access to most of these 
data within a few hours/days, following 
quality assurance procedures undertaken by 
NIWA, via the CliFlo web page (http://cliflo.
niwa.co.nz/).

Summary and future challenges
In summary, since 2006 NIWA has managed 
to mostly complete the first phase of the 
National Snow and Ice Network for New 
Zealand. Thirteen of the fifteen planned 
sites are now operational, including ten new, 
and three upgraded sites, providing real-
time data to a number of key groups and 
agencies. These real-time data from these 
remote sites are already providing valuable 
observations as input for the development 
and calibration of snow models, hydrological 
models, improvement of interpolated climate 
surfaces, as well as assisting with producing 
the Mountain Safety Council daily public 
avalanche advisories.

While the measurement of snow on the 
ground has been well catered for through the 
combination of an ultrasonic depth sensor 
and a snow pillow, solid precipitation is 
currently measured using only an unheated 
tipping-bucket rain gauge. If accurate 
observations of solid precipitation are 

Figure 6 – Early snow storm in May 2009 showing the snow depth in m from the downwards-facing 
ultrasonic depth sensor (blue) compared with snow water equivalent (SWE) (red) in mm.
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desired, then a weighing-type precipitation 
gauge, e.g., GeoNor 200B (which is currently 
used as part of the working reference by 
WMO (2012)), with at least a single Alter 
wind shield should be added to all SIN 
sites to better measure solid precipitation. 
This would provide better estimates of total 
precipitation amounts in the New Zealand 
mountains. In a first step towards this, during 
the Southern Hemisphere winter of 2013 
different combinations of gauges and shields 
will be tested at the Mueller Hut SIN site as 
part of New Zealand’s involvement in the 
WMO Solid Precipitation Intercomparison 
Experiment (WMO, 2012). 

There are, and will continue to be on-going 
funding challenges to maintain, let alone 
expand this current network. However, as 
highlighted by Karl et al. (1995), the current 
network configuration should be maintained 
to ensure that a robust and consistent dataset 
of snow and alpine climate can be obtained 
for future analysis of long-term trends. All 
of the sites have long-term, 30-year tenure 
at their current locations, so providing that 
sufficient funding can be secured to maintain 
these sites, they are well placed to provide 
observations into the future to monitor the 
changing seasonal snow and alpine climate 
for at least the next 30 years. 
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