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Abstract 

Large snowfall events contribute significantly to total annual snow accumulation across 

the maritime Southern Alps. However, the knowledge about atmospheric circulation patterns 

associated with large snowfall events over the New Zealand Southern Alps is very limited. 

Daily snow observation data from three automatic weather stations and ERA-Interim 

reanalysis data were used to investigate the relationship between atmospheric forcing and 

large snowfall events across the Southern Alps. To do so, analysis of composite anomaly maps 

during large snowfall events were carried out to identify the common features of the days 

with heavy snow accumulation. Large snowfall across the Southern Alps are mainly associated 

with strong negative anomalies of sea level pressure (SLP) located over the southwest of 

New Zealand’s South Island. These conditions are concurrent with negative anomalies of 

geopotential heights at 500 (Z500) located in the centre of low pressure systems. However, 

over New Zealand, days leading to large snowfall events experience positive anomalies of 

Z500 showing a relatively warm environment during such events in the maritime 

Southern Alps. Positive anomalies of low-tropospheric temperatures (850 hPa and 1000 hPa) 

over the Tasman Sea and across the Southern Alps, strong values of integrated vapour 

transport (IVT) as well as high frequency of local synoptic patterns associated with troughing 

regimes (~78%) during large snowfall events provide more evidence of the important 

contribution of warm air flows. 
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1 Introduction 

Winter precipitation in solid form is one of the main components of mountain climatology 

in alpine catchments. Snow in the mountains is a natural water reservoir providing water for 

over one billion people across the globe (Barnett, et al., 2005; Mankin et al., 2015). Numerous 

studies show that a small number of large (extreme) events can dominate the total seasonal 

snowpack in snowfall-dominated regions, leading to an increase of river flow during the melt 

season (Serreze et al., 2001; Kumar et al., 2012; Lute and Abatzoglou, 2014). For instance, in 

the western United States, large snowfall events have been found to account for up to 38% 

of annual snowfall water equivalent (Lute and Abatzoglou, 2014). New findings in Antarctica 

have revealed that the largest 10% of snowfall events contribute to 40-60% of annual snow 

accumulation (Turner et al., 2019). Given the importance of large snowfall events in 

snow-dominated regions, it is, therefore, necessary to better understand the processes that 

lead to such events.  

Daily snowfall characteristics and their associated conditions such as temperature, 

humidity and cloudiness are largely controlled by atmospheric circulation (Birkeland and 

Mock, 1996; Mock, 1996; Bednorz, 2011; Bednorz and Wibig, 2017). Also, in a warming 

climate, with a shift in precipitation form from snow-dominated to rain-dominated regimes 

(IPCC, 2013; Berghuijs et al., 2014), a robust understanding of climate controls on snow 

accumulation in alpine catchments is necessary for quantifying the ramifications of climate 

change. Exploring the relationship between climatological phenomena such as snowfall 

events and atmospheric circulation is, therefore, essential for identifying the current climate 

characteristics of large snowfall events and the potential impacts of climate change in the 

future.  

A number of processes control the formation of snow in the atmosphere. Investigation of 

the processes at different scales from microscale to large scales has provided valuable insights 

into the climate forcing controlling snowfall events in different parts of the globe (Esteban et 

al., 2005; Romolo et al., 2006). Synoptic patterns, which help identify relationships between 

the larger scale atmospheric circulation and the smaller scale surface environment, have been 

a popular tool to study the hydrometeorology of mountain catchments (McGinnis, 2000; 

Yarnal et al., 2001).  
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Synoptic scale processes determine climatological and meteorological conditions at local 

and regional scales (Yarnal, 1993; Romolo et al., 2006; Sturman and Tapper, 2006). The 

relationship between synoptic scale processes and snowfall events have been well 

documented in north America (Birkeland and Mock, 1996; Mock and Birkeland, 2000; Romolo 

et al., 2006), Japan (Tachibana, 1995; Ikeda et al., 2009; Farukh and Yamada, 2014), European 

Alps (Spreitzhofer, 1999; Scherrer et al., 2004), central Europe (Bednorz, 2009, 2013; 

Putniković et al., 2016), the Iberian Peninsula (López-Moreno and Vicente-Serrano, 2007; 

García-Sellés et al., 2010; Merino et al., 2014; Mora et al., 2016), Himalayas (Simon Wang et 

al., 2015), the Antarctic continent (Gorodetskaya et al., 2014)  and Andes (Masiokas et al., 

2006; Garreaud, 2009; Viale and Nuñez, 2011; Stehr and Aguayo, 2017). The inter-relationship 

of pressure and temperature fields is the main controlling factor of synoptic conditions during 

the snowfall. Most of these studies are based on an environment-to-circulation approach 

(Yarnal, 1993), where the atmospheric circulation patterns (e.g. pressure and temperature 

fields) controlling snowfall events are investigated (Esteban et al., 2005; Romoloet al., 2006). 

A popular tool to relate the surface environment and atmospheric circulation is the use of 

composite anomaly maps. The application of composite anomaly maps to investigate 

atmospheric trends and conditions during snowstorms is reasonably well documented. For 

example, in Bridger Bowl, located in Montana, United States, Birkeland and Mock (1996) used 

anomaly maps of 500 hPa heights to study the synoptic patterns associated with abnormal 

heavy snowfall events (daily snowfall events more than 32.8 cm). Analysis of composite 

anomaly maps of sea level pressure and temperature has been used to examine the 

circulation pattern leading to large snowfall events (e.g. Esteban et al., 2005; Bednorz, 2011; 

Farukh and Yamada, 2014; Bednorz and Wibig, 2017).   

The large glacier and snowfields of the New Zealand Southern Alps are significant in the 

middle latitudes of the Southern Hemisphere, second only to South America (Fitzharris et al., 1999). 

Estimations have shown that seasonal snow usually covers approximately 35% of the South 

Island in early spring (Fitzharris et al., 1999; Clark et al., 2009). The alpine rivers in the 

Southern Alps provide inflows to South Island’s largest lakes, many of which are utilised for 

power generation (Thompson, 2002). They also provide water for irrigation, especially during 

drought periods (Kerr, 2013; Sirguey, 2009). The proximity of the Southern Alps to the oceans 

results in maritime conditions where winters are generally mild, so any increase in 

This article is protected by copyright. All rights reserved.



temperature due to climate change would impact the amount of water stored in the seasonal 

snowpack ( Hendrikx et al., 2012; Hendrikx et al., 2013;  Jobst et al., 2018; Jobst, 2016; Poyck 

et al., 2011). Despite the essential role of seasonal snow as an important water reservoir in 

the region, less attention has been paid to atmospheric controls of seasonal snow 

accumulation. Synoptic climatology has been found to influence the hydrometeorology of the 

Southern Alps (Neale and Fitzharris, 1997; Purdie et al., 2011; Webster et al., 2015; Little et 

al., 2019). It is known that the north-westerly circulation is a key contributor for providing 

moisture and intense precipitation over the Southern Alps (Kingston & McMecking, 2015; 

Kingston et al., 2016; Little et al., 2019; Purdie et al., 2011; Salinger & Mullan, 1999). Studies 

on snow accumulation over glaciers on both west and east side of the Southern Alps (Franz 

Josef, Tasman and Brewster glaciers) highlighted the important role of local synoptic patterns 

during the snowfall events (Purdie et al., 2011; Cullen et al., 2019; Little et al., 2019). The local 

synoptic types in New Zealand known as Kidson types (Kidson, 1994, 2000; Renwick, 2011), 

have been used to describe the synoptic-scale atmospheric patterns associated with snow 

accumulation over glaciers. Findings of these studies show that the majority of winter 

snowfall events coincide with troughing regimes (Purdie et al., 2011; Cullen et al., 2019). 

Despite short-term observations, these site-specific studies have provided basic knowledge 

about general weather patterns of snowfall accumulation in the Southern Alps. Further 

information about characteristics of atmospheric circulation prior and during large snowfall 

events would provide additional insights into the climatology of large snowfall events in the 

region. 

The main objective of this research is to provide further knowledge of large scale 

circulation that defines atmospheric conditions associated with large snowfall events in a 

maritime mountain range. Snow observations from three automatic weather stations (AWS) 

across the Southern Alps (Mahanga, Mueller Hut and Mount Larkins) were used to identify 

large snowfall events (Figure 1). To analyse the synoptic conditions leading to these large 

events, anomaly maps of sea level pressure (SLP), geopotential height at 500 hPa (Z500), and 

temperatures at 500, 850 and 1000 hPa (T500, T850 and T1000) are examined prior and 

during the snowfall days. In order to find the dominant weather types associated with large 

snowfall events across the Southern Alps analysis of relationships between the events and 

the frequency of local synoptic patterns (Kidson, 2000) will be conducted.  
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2 Data and Methodology  

2.1 Study Site  

The South Island of New Zealand spans latitudes 41°S to 47°S and is dominated by the 

Southern Alps (Figure 1). The Southern Alps/Kā Tiritiri o te Moana are the highest mountain 

range in Australasia with the highest peak being Mount Cook/Aoraki (3724 m). With 26 

mountain peaks over 3000 m in elevation, the Southern Alps extend along much of the length 

of New Zealand's South Island/Te Wai Pounamu, from Nelson to Milford Sound. The 

circumpolar westerly flow is the dominant feature of the Southern Hemisphere meteorology 

which significantly influence New Zealand’s weather and climate (Sturman and Tapper, 2006; 

Ummenhofer and England, 2007). Perpendicular to the prevailing westerly air currents, the 

Southern Alps play an important role in disturbing effects on airflow such as blocking and 

rerouting of flows and generating eddies and lee troughs (Sturman and Tapper, 2006). The 

mountains also drive the characteristic synoptic features of the South Island such as 

orographic precipitation enhancement and weather fronts (Henderson and Thosmson, 1999; 

Salinger and Mullan, 1999) which impacts the general precipitation patterns of the South 

Island. Average annual precipitation is highly variable across the South Island ranging from 

less than 1,000 mm/year in the eastern parts to over 10,000 mm/year near the Main Divide 

(McKerchar et al., 1998; Kerr, 2011). 

The main challenge to fully understand the hydrometeorology of snow processes in the 

mountain catchments of the Southern Alps has stemmed from a lack of systematic snow 

observations. Unlike the long-term snow observations in the snow-dominated regions the 

western United States (Serreze et al., 1999), Canada (Mekis et al., 2018) and European Alps 

(Schöner et al., 2019), snow measurements in the mountain catchments of the Southern Alps 

are very limited. Improved success in snow measurement however, has been achieved by the 

establishment of a network of high altitude automatic weather stations (AWS) by the National 

Institute of Water and Atmospheric Research (NIWA) (Hendrikx & Harper, 2013). The new 

network has provided an opportunity to collect climate variables and snow observations close 

to the Main Divide of the Southern Alps. 
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Snow hydrology processes (e.g. snow accumulation and snowmelt) are important 

hydrological processes in alpine catchments of the Southern Alps. A seasonal snowline of 

1000 m has been reported for different parts of the South Island (Fitzharris et al., 1999). 

However, because of the maritime characteristics of the Southern Alps, winter rain frequently 

occurs above 1000 m (Prowse, 1981; Moore and Owens, 1984; Cullen and Conway, 2015). 

The mean duration of seasonal snow coverage in the Southern Alps is from May to October 

while the period of snowmelt is very short mainly during November and December (Fitzharris 

et al., 1999). Compared to the Western United States (Bales et al., 2006; Li et al., 2017; Zheng 

et al., 2018), European Alps (Penna et al., 2016; Beniston et al., 2018) and Himalayan 

catchments (Siderius et al., 2013; Bharati et al., 2014; Adnan et al., 2017) where snowmelt is 

a large fraction of water supplies, the contribution of meltwater to runoff in the Southern 

Alps catchments is relatively low, but still influences the management of irrigation and hydro-

electricity schemes in South Island, New Zealand (McKerchar et al., 1998; Kerr, 2013). 

Previous estimations have shown that the contribution of seasonal snow to river flows in the 

upper terrains of the Southern Alps can reach up to 40% (Sirguey, 2009).  

2.2 Datasets 

Snow and Ice Monitoring Network (SIN)  

This study utilises snow depth data recorded at three NIWA AWS sites, namely Mahanga 

(1955 m a.s.l.), Mueller Hut (1818 m a.s.l.), and Mt Larkins (1900 m a.s.l.) (Figures 1b and 1c). 

At these stations, snow depth is recorded by ultrasonic sensors (SR50) at hourly resolution 

alongside climate variables such as air temperature, wind direction and speed, precipitation, 

humidity, and incoming solar radiation. Data are available since 2009 at Mahanga, 2010 at 

Mueller Hut and 2014 at Mt Larkins.  

The first step in examining the climatology of large snowfall events is to define what 

constitutes a large event. Many different thresholds have been applied in previous studies. 

Most of these thresholds are based on climatology and topography of the region of interest. 

For example, Birkeland and Mock (Birkeland and Mock, 1996) used a daily threshold of 

32.8 cm of snow accumulation in their investigation of the relationship between atmospheric 

circulation and heavy snowfalls. This threshold characterises the heavy snowfall conditions 
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that could lead to hazardous avalanches in the region. An increase in snow accumulation of 

more than 5 cm was used in Russian Arctic and Iberian Peninsula to identify large events 

(Merino et al., 2014; Bednorz and Wibig, 2016). In northern Japan, Farukh and Yamada (2014) 

selected the topmost 100 snowstorms in order to explore the synoptic climatology related to 

heavy snowfalls. Bednorz (2013) defined days with more than 20 cm of daily snow 

accumulation as extreme events. Hydrological studies often define a large or extreme events 

such as precipitation, or flooding using percentile-based indices, for example values ranging 

from >90th to the >99.9th percentiles (Coles, 2001; Lute and Abatzoglou, 2014; Vicente-

Serrano et al., 2017). Because characteristics differ at each of our three sites, a single value 

threshold cannot be applied. Therefore, daily snowfall events (24-hour snow depth increase) 

greater than the 90th percentile of at each site was defined as a large snowfall event. 

ERA-Interim reanalysis data 

Different meteorological fields including sea level pressure (SLP), geopotential height at 

500hPa  (Z500) and temperature at 500, 850 and 1000 hPa (T500, T850 and T1000)  were 

retrieved from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-

Interim reanalysis data (Dee et al., 2011) at a 0.5° × 0.5° resolution. These data were obtained 

at 6-hourly intervals for the synoptic window of 10°S-60°S and 130°E-160°W (Figure 1). The 

vertical pressure gradient has a non-linear distribution in the atmosphere with a rapid 

decrease in the lower atmosphere. In terms of altitude, 500 hPa is approximately at 5500 m 

a.s.l. in the New Zealand region and is therefore located above the highest peaks in the 

Southern Alps. The 500 hPa geopotential height is a mid-tropospheric field useful for 

understanding atmospheric dynamics as it is well above the friction-influenced surface fields 

(Kidson, 1994; Yarnal et al., 2001). The 850 hPa pressure level lies below 2000 m a.s.l. which 

is an important pressure level over the Southern Alps for investigating circulation patterns 

and meteorological patterns for mountain hydrometeorology controlling the formation of 

snow in the lower troposphere (Sailor and Li, 1999; Mora et al., 2016).  

2.3 Composite anomaly approach 

A composite anomaly approach was conducted in order to identify relationships between 

atmospheric circulation patterns and snow accumulation. Composite analysis is commonly 
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used to identify the basic structure and characteristics of climatological phenomena as well 

as exploring the impacts of large scale atmospheric patterns on weather and climate events. 

This approach explains the differences between averaged values of a selected atmospheric 

variable and climatic normals. Here anomalies are calculated based on 1979-2018 average 

values of T500, T850, Z500 and SLP for the main snow accumulation months of June to 

October (Figure 2). Given the rapid global warming trends during the past decade reported 

from many snow-dominated regions (Cullen et al., 2019; Hock et al., 2019) the 40-year 

average is more representative of the climatic normal since it considers the four consecutive 

ten-year periods instead of the more common 1971-2010 climate averages used in previous 

studies. In addition, the variability of climate elements has been found to be strongly 

influenced by inter-decadal processes such as Inter-decadal Pacific Oscillation (IPO) and 

El-Niño Southern Oscillation (ENSO) over the South Pacific Ocean (Salinger and Jones, 1996; 

Salinger et al., 2001). Therefore, it is important to use multi-decadal climatic averages instead 

of short-term averages in order to provide a more accurate baseline as climatic normal. 

Anomaly maps of T500, T850, Z500 and SLP were computed as the difference between the 

average value of these variables during the snowfall events and the 40-year average of typical 

snow accumulation months at high altitudes of the Southern Alps (June to October). 

Additionally, difference maps of the above mentioned values for the day prior to the snowfall 

events were constructed by subtracting the values of the day before from the snowfall days. 

These maps can describe the atmospheric conditions conducive to heavy snow accumulation 

and help identify the short-lived patterns (less than 24 hours) at mid- and low-troposphere. 

(Birkeland and Mock, 1996; Sturman and Tapper, 2006). Most of the moisture in the mid-

latitudes is carried by fast flowing extratropical cyclones and jet streams (Ralph et al., 2004; 

Neiman et al., 2008; Rutz et al., 2014); therefore, the pace of these changes in flow regimes 

can be drawn by looking at a one-day difference map of climate conditions during the day 

prior to the snowstorms. 

2.4 Local synoptic patterns  

Synoptic classification is a useful tool to identify the characteristics of climatic variables 

(Barry and Perry, 1973; Smithson, 1986; Harman and Winkler, 1991; Yarnal, 1993; Yarnal et 
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al., 2001). The analysis of atmospheric circulation over New Zealand (Trenberth, 1976; 

Sturman et al., 1984; Trenberth and Mo, 1985; Kidson, 1994, 2000) provided information 

about large scale synoptic patterns and indicated the  inter-annual and sub-annual variations. 

An early study investigated the atmospheric circulation patterns over the South Island of New 

Zealand and grouped the daily surface synoptic charts from 1961 to 1980 (Sturman et al., 

1984). The results indicated the dominance of anticyclonic circulation and westerly flows with 

anticyclonic south-westerly being the most frequent in all seasons. Kidson (1994, 2000) 

developed a set of daily weather types for New Zealand using 40 years of NCEP/NCAR analysis 

data (National Centre for Environmental Prediction/National Centre for Atmospheric 

Research). The twice-daily fields of 1000 hPa geopotential height were used to define twelve 

synoptic types. These types have been grouped into three regimes, namely troughing, zonal 

and blocking (Figure 3). Troughing regimes, which are frequent troughs and frontal systems, 

consist of four synoptic types designated T, SW, TNW and TSW.  These generally bring wetter, 

colder and cloudier conditions to the entire country. They are less frequent in autumn, and 

are linked to below-normal temperatures in the south and above-normal precipitation over 

the entire country.  

Zonal regimes (H, HNW and W) represent the dominant west-east wind flows over New 

Zealand and are typically associated with below-normal precipitation in the north and east of 

the country. However, they can bring milder conditions in the South Island and potentially 

lead to precipitation due to westerly flow and showers resulted from HNW and W types. 

Blocking patterns with highs are more frequent in summer and autumn, stalling or slowing 

the passage of approaching weather systems. The blocking regimes (HSE, HE, NE, HW and R) 

are linked to a southwest-northeast contrast in precipitation and above normal temperatures, 

except on the east coast of both north and south islands. The blocking group are often 

associated with anomalous northerly flow across much of the country. However, NE and R 

classes could lead to precipitation in the northern and eastern parts of the North Island. 

Kidson types have been widely used by researchers to investigate the synoptic climatology of 

different hydrometeorological phenomena in New Zealand (Smart and McKerchar, 2010; 

Griffiths, 2011; Renwick, 2011; Parsons et al., 2014). Here, we examine the frequency of the 

Kidson synoptic types during the large snowfall events over the Southern Alps.  
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3 Results and Discussion 

3.1 Snowfall events 

Snow cover is spatially and temporally variable across the Southern Alps due to latitude 

difference, topographic characteristics, proximity to the Main Divide and exposure to wind 

(Kerr et al., 2013; Webster et al., 2015). Measurements of snow depth at three locations 

indicate that snowfall events can occur throughout the year (Figure 4). However, the annual 

variability of snow depth during the study period shows that at Mueller Hut and Mt Larkins 

snow mainly accumulates from June to October, peaking between mid-September to October 

(Figures 4a and 4b). At the most northern station (Mahanga), the snow accumulation season 

is shorter, ending in September. In the case of seasonal snowpacks, snowmelt occurs over a 

relatively short period in the Southern Alps. At Mueller Hut and Mt Larkins the snowmelt 

period is usually between mid-October and mid-December, while at Mahanaga snow depth 

reduces from approximately late September to mid-November. The total annual snow 

accumulation at Mueller Hut site is larger than the other two sites. This is likely due to the 

location of the site (near the Main Divide of the Southern Alps) which is strongly influenced 

by the spillover effect on the lee side of the Southern Alps during the prevailing westerly and 

north-westerly precipitation patterns (Neale and Fitzharris, 1997). The spatially variable snow 

accumulation may also be a result of station location with respect to local topography such 

as elevation and wind exposure that could lead to a strong inter-annual variation of snow 

depth in different parts of the Southern Alps  (Clark et al., 2011; Kerr et al., 2013; Webster et 

al., 2015).  

Applying the 90th percentile of daily snow depth to identify the large snow fall events led 

to selecting a threshold of 12.5 cm of daily snow for Mahanga, 18 cm for Mt Larkins and 31 cm 

for Mueller Hut (Table 1). During the study period, there were 23 large snowfall events (days) 

at Mahanga, 18 at Mueller Hut and 17 at Mt Larkins. Because large snowfall events were 

selected based on a daily increase in snow depth, they could also be part of a storm that lasted 

for more than 24 hours. Also, some of these events occurred across the Southern Alps but 

resulted in different magnitudes of total 24-hour accumulated snow across the locations. For 

example, during the 13-15th snowfall event, even though Mueller Hut and Mt Larkins received 
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considerable snow throughout the snowstorm, the snowfall events at Mahanga was not 

categorised as a large snowfall event (greater than 12.5 cm). Therefore, in order to identify 

the weather patterns associated with large events at individual locations, our analysis is 

limited to days with snowfall events greater than the threshold at each location. These large 

events can play a vital role in the hydrology of the Southern Alps by contributing to a sizeable 

fraction of the total snow accumulation. Up to 35-40% of annual snow accumulation recorded 

at Mueller Hut (2016/17) was received during these large events. July recorded the highest 

number of large snowfall events (14 days), while August and September ranked equally with 

10 snowfall events (Figure 5). Large snowfall events were also frequent during spring (6 events 

in October and 7 events in November) demonstrating the importance of late season snowfall 

to annual snow accumulation totals.   

3.2 Atmospheric anomalies during large snowfall events 

The analysis of composite anomaly maps found that large snowfall events are always 

associated with distinctive negative anomalies of SLP in the Southern Alps (Figure 6a). The 

negative anomalies are centred over the Tasman Sea to the south west of New Zealand  (near 

46-48 °S and 160-165 °E). Even though the overall patterns of SLP anomalies are similar during 

the large snowfall days, stronger anomalies were evident at Mueller Hut and Mt Larkins. The 

SLP at the centre of the lows during events at Mahanga, Mueller Hut and Mt Larkisn decreased 

by 12.3 hPa, 15.5 hPa and 18.4 hPa relative to long-term winter averages, respectively. These 

patterns are similar to those identified by Hendrikx (2007) for the historic 12 June 2006 snow 

storm in Canterbury region where a pressure depression of 24 hPa combined with a very cold 

front from the southwest lead to an exceptional snow storm with a record snow accumulation 

in some parts of the Canterbury region. Anomalies of geopotential heights at 500 hPa (Z500) 

are negative in the vicinity of low centres. Despite existence of negative anomalies of Z500 

close to the centre of low pressure systems, the Southern Alps and Tasman Sea experience 

positive anomalies during major snowfall events (Figure 6b). Geopotential height represents 

the actual height of a pressure surface above mean sea level. Generally, geopotential heights 

are lower (higher) in colder (warmer) air masses. This is due to the higher density of cold air 

which results in lower surface pressure.  
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Even though the central anomalies of Z500 are negative, across the Southern Alps 

anomalies are positive. These patterns differ from that reported in other locations. In 

northern Japan, Farukh and Yamada (2014) reported negative anomalies of geopotential 

height at 500 hPa caused by cold air masses originating from eastern Siberia during extreme 

snowfall episodes. Birkeland and Mock (1996) also noted heavy snowfall events in the 

Bridger Range of Montana, United states are related to cold north-westerly airflows leading 

to strong negative anomalies of geopotential height at 500 hPa. The positive anomaly of 

geopotential height can be related to warmer airmass between 1000 hPa and 500 hPa 

pressure levels at mid and lower troposphere. The average values of 6-hourly integrated 

vapour transport (IVT) from ERA-Interim (Figure 7) reveals relatively high moisture flux 

(greater than 250kg m-1 s-1) along the west coast of South Island during large snowfall 

events. The average IVT is within the range of 260-300 kg m-1 s-1 over the period of the 

snowstorms (260 kg m-1 s-1 at Mahanga 290 kg m-1 s-1 at Mueller Hut and 275 kg m-1 s-1 at Mt 

Larkins). 

 Anomaly maps of temperature during the snowfall events revealed that it is highly 

probable that the warmer temperatures occur mostly in the lower troposphere. In the mid 

troposphere (500 hPa) weak negative anomalies of temperature with values between -1 and 

0 °C are seen (Figure 8a). However, the temperature patterns at 850 hPa show positive 

anomalies with values between above 0 °C and 1 °C over the Southern Alps (Figure 8b). The 

temperature anomalies at 1000 hPa seems to be slightly stronger at lower pressure levels in 

the region (at 1000 hPa, Figure 8c). These positive anomaly patterns of temperature are 

evident signs of north-westerly airflows with warmer temperatures at lower troposphere 

during the occurrence of large snowfall events in the Southern Alps. In the period of 

1979-2017 standard deviations of temperature at 850 hPa had a range between 0.89 °C 

(October) to 1.46 °C (December). At 500 hPa, standard deviation of temperature changed 

between 0.98 °C (October) and 1.43 °C (November). Therefore, these anomalies are 

significant considering the variations of temperature at different pressure levels throughout 

the year.  

The positive anomalies of temperature at lower troposphere are somewhat similar to the 

findings of previous studies in other maritime environments of the eastern Russian Arctic 
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and the western United States. Bednorz and Wibig (2016) reported strong positive 

anomalies of temperature during snowfall events over the eastern Russian Arctic due to the 

warm cyclonic airflows from Pacific Ocean. Similarly, above-normal temperatures (at 925 

hPa) related to heavy winter precipitation has been reported over the western United States 

(latitudes north of 37°N) where the majority of heavy winter precipitation is associated with 

cyclonic activities and atmospheric rivers in the region (Neiman et al., 2008). Conversely, in 

continental Europe, strong negative anomalies of temperature have been reported during 

heavy snowfall episodes due to the impacts of polar continental anticyclones over eastern 

Europe (Bednorz, 2013). Findings from solid winter precipitation in mid-latitude Chilean and 

Argentinian Andes (32.5° and 34°S) found negative temperature anomalies during large 

snowfall events (Viale and Nuñez, 2011). This cooler than average environment in the Andes 

is attributed to the influence of cold fronts approaching the west coast of South America 

and replacing warmer anticyclonic patterns over the region during intense and extreme 

snowfall events. A comparison between temperature anomalies during large snowfall 

events in the Southern Alps and South American Andes suggests that despite the different 

patterns of temperature anomalies (below average temperatures for the Andes and above 

average temperatures for the Southern Alps) the anomalies at these two mid-latitude 

maritime environments are not as significant as those in high latitude maritime 

environments (e.g. Arctic regions). This can be explained by the higher temperature 

difference between warmer cyclonic systems responsible for winter precipitation and 

climatic normals at higher latitudes while in mid-latitude maritime regions differences 

between the weather systems resulting in snowfall events and climatic normals are not 

significantly distinctive during winter solid precipitation.   

To evaluate the rapidly changing atmospheric conditions leading to large snowfall events, 

the difference fields of atmospheric variables were constructed by subtracting the values of 

the snowfall day from the values of the day prior to the events. On average SLP drops by 4 to 

8 hPa on the day of snowfall compared to the day prior. A depression system extending over 

the Southern Alps is noticeable during the large snowfall events (Figure 9a). Similarly, the 500 

hPa geopotential patterns indicate a large difference between the days of snowfall and the 

day prior to snowfall with values up to 75 m (Figure 9b). This demonstrates a rapid change in 
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sea level pressure and geopotential heights across the Tasman Sea and the Southern Alps. 

Rapid airflows with an eastward direction towards the Southern Alps resembles the rapidly 

changing conditions reported in the western United States (Birkeland and Mock, 1996) where 

intensified troughs are developed alongside the west coast and helps develop heavy snowfall 

events at high altitudes. One-day difference fields of temperature differences at 500 hPa 

shows colder temperature (Figure 10a). This is an indicator of the colder air masses at upper 

levels of airflows responsible for moisture transport during the snow events compared to the 

day prior to the snowfall event. Unlike the conspicuous temperature differences at higher 

pressure levels there are no distinctive temperature differences at lower levels. The zero line 

(no difference between the snowfall day and the day before) is located close to the locations 

of the sites indicating the temperatures during the day of snowfall and the day prior to the 

event do not vary significantly at 1000 and 850 hPa pressure levels (Figure 10b and Figure 

10c).  

3.3 Local synoptic patterns associated with heavy snowfall 

The trough regime accounts for most of the snow accumulation in the Southern Alps. All 

three sites receive the majority of their snow during troughing synoptic regime, 74 % at 

Mahanga, 88% at Mueller Hut and 70.5% at Mt Larkins (Figure 11 and Table 2). All four Kidson 

types belonging to the troughing regime contribute to snow accumulation. However, the T 

type contributes more than any other, with 34%, 66% and 58% of observed snow 

accumulation at Mahanga, Mueller Hut and Mt Larkins, respectively.  

Zonal group types (W and HNW) account for 15% of large snowfall events at all sites. Zonal 

patterns are generally associated with anticyclones in the north, but they can have a different 

influence in the South Island due to westerly flows and moisture carried by HNW and W types. 

Mt Larkins (29.5%) and Mahanga (13%) received more of their large snowfall events during 

zonal conditions compared to Mueller Hut (5.5%). The most important zonal weather type 

associated with snowfall occurrence is the W type responsible for 9 large events during the 

study period. Four snowfall events took place during blocking conditions (HE type) accounting 

for about 8 % of snowfall events. In the Southern Hemisphere, high pressure systems 

generally result in warmer than average temperatures across New Zealand. In such systems 
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the high pressure builds and persists in place for a prolonged period of time. Even though the 

HE type generally coincides with high pressure conditions in the north east and anomalous 

northerly flow across the country (Kidson, 2000; Renwick, 2011) our observations show that 

the formation of a low system on the west coast over the Tasman Sea could bring about a 

condition favourable for precipitation over the Southern Alps. The stationary blocking highs 

slow down the low pressure system moving towards New Zealand and the solid precipitation 

falls on the edge of the two systems (Figure 12). 

Our results support the findings on Franz Josef and Tasman glaciers where approximately 

75% of the winter snowfall was found to coincide with troughing regimes (Purdie et al., 2011).  

The largest snowfall events at each location occurred during north-westerly troughing 

regimes (i.e. 23-24th July 2009 event at Mahanga, 13-14th July 2016 event at Mueller Hut, and 

11-12th October event at Mt Larkins). These synoptic conditions are usually associated with 

relatively warm weather systems originating from tropics and carrying high moisture flux over 

the Tasman Sea during winter. Likewise, analysis of snow observations on Brewster Glacier (a 

mountain glacier on the west side of the Main Divide, Figure 1c) has shown that the largest 

snowfall events occur during troughing regimes (mainly TNW type) with strong west to 

north-west airflows (Little et al., 2019). However, recent studies on Brewster Glacier by Cullen 

et al. (2019) concluded that the W type during zonal conditions are the main contributor to 

total snow accumulation on Brewster glacier. It is not clear how such synoptic types influence 

snow accumulation in other parts of the Southern Alps.  

4 Summary and Conclusion 

Here we investigated the importance of large snowfall events to total snow accumulation 

in the Southern Alps finding that up to 35-40% of annual snow accumulation was received 

during the large snowfall events highlighting the important large events make to snow 

hydrology in alpine catchments. Previously, despite some work using short term data from 

limited locations across the Southern Alps, the knowledge about annual variability of snowfall 

across this maritime mountain range was very limited. Observations of snow depth used in 

this study provided a better understanding of the general patterns of snow accumulation in 

the region. Based on timing of the occurrence, it was found that large snowfall events are not 
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only limited to the typical snow accumulation months of June to September/October as such 

large events also occur in spring (October and November). Snow observations from three 

locations across the Southern Alps provided an opportunity to identify the large-scale 

weather patterns associated with large snowfall events across the Southern Alps. It is evident 

that general synoptic conditions during large snowfall events contain somewhat similar 

patterns at three locations in north, middle and south of the Southern Alps. However, due to 

different characteristics such as proximity to moisture source and the Main Divide of the 

Southern Alps, latitude difference, and other topographic features they receive different 

amount of snow during the accumulation season.  

With adopting a composite anomaly approach, it was found that low pressure systems with 

deep centres located in the southwest of New Zealand’s South Island are the common 

features of large snowfall events. A depression of geopotential heights at 500 hPa with 

centres located at relatively similar locations with the centres of low pressure systems is also 

evident during snowstorms in the Southern Alps. Despite the existence of negative anomalies 

of Z500 close to the centre of low pressure systems, the Southern Alps and the Tasman Sea 

experience positive anomalies during major snowfall events. However, perhaps the most 

interesting patterns associated with large snowfall events were the temperature anomalies 

that create a unique condition with different characteristics from other maritime conditions. 

The location of positive anomalies of temperature and geopotential heights at 500 hPa over 

New Zealand region during large snowfall events are evidence of the prevailing 

north-westerly airflows travelling over the South Pacific Ocean over the Tasman Sea with 

relatively warmer temperatures especially at lower levels where anomalies are stronger. This 

highlights the important role of the Southern Alps in producing the orographic winter 

precipitation by cooling down adiabatically the warmer air masses coming from Pacific Ocean 

when they make landfall over the Southern Alps. This situation can result in conditions with 

temperature not far from the freezing level across the vast areas of the Southern Alps where 

the majority of large snowfall events can occur at temperature close to the freezing level. The 

ERA-Interim reanalysis data have been successfully used to describe the synoptic-scale 

processes, however, due to limitations related to spatial and temporal resolutions, it is 

recommended to use the recent ERA-5 reanalysis data, the successor to ERA-Interim, in order 
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to further investigate the influence of synoptic-scale processes on regional- and local-scale 

processes (e.g. the role of rain/snow temperature threshold) controlling large snowfall events 

in mountain regions. 

Additional information on synoptic conditions of snowfall events was achieved by 

computing difference maps of the day with snowfall compared to the day prior. A typical 

characteristics of synoptic climatology is the short-lived duration and fast moving weather 

patterns during most snowstorms where a substantial rapid change in the atmospheric fields 

occurs in the 24 hours leading to the snowfall events. Analysing local synoptic patterns during 

snowfall events enable us to gain further knowledge about snow accumulation in the region. 

Using a longer dataset, our results supports previous findings highlighting the importance of 

a troughing regime in the Southern Alps’s snowstorms. It was found that across the Southern 

Alps about 78 % of the high snowfall events were related to a troughing regime. Why the 

majority of snowfall events are associated with trough systems can be explained by the 

amount of moisture brought by these weather patterns through extratropical cyclones and 

jet streams. In addition to the fast moving weather types associated with troughing regimes, 

zonal regimes also contribute to large snowfall events to a lesser extent (16%). Southern Alps 

can also receive large snowfall events during blocking regimes located on the east of the New 

Zealand region. These high pressure systems provide conditions favourable for solid 

precipitation by slowing down low pressure systems over the Tasman Sea moving towards 

the Southern Alps and resulting in snowfall on the edge of low pressure and high pressure 

systems.  

These findings revealed general weather patterns which control the timing and magnitude 

of major large snowfall events in a maritime climate. Providing a baseline for a better 

understanding of the current knowledge of atmospheric forcing influencing such events, 

these findings have important implications for investigating the possible future changes in 

frequencies of synoptic weather patterns in a warming climate. Since synoptic characteristics 

of weather patterns are more easily accessible compared to local in situ measurements, they 

can be used to assess possible future changes in large snowfall events in mountain regions 

which have a number of important implications in long term watershed management. The 

composite anomaly approach used here provides useful information on how the 
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meteorological fields change during snow storms; however, they do not explain categorically 

the potential moisture sources and moisture transport pathways. This could be further 

investigated by analysing the position and characteristics of the jet streams responsible for 

transferring moisture across the South Pacific Ocean over Tasman Sea towards the Southern 

Alps during large snowfall events. Also, there is currently a gap in knowledge regarding the 

temperature characteristics of snowfall events in the Southern Alps. In particular, the role of 

rain/snow temperature threshold during snowfall events is largely unknown. Through the 

analysis of temperature anomalies this study has shown that large snowfall events can occur 

at temperatures close to the freezing level. This means that changes in climate related to 

global warming can have significant impacts on the timing and magnitude of the winter snow 

accumulation in the upper terrains of alpine catchments in the region. Future work will focus 

on understanding the temperature characteristics of snowfall events in the maritime 

Southern Alps.  
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Figure 1. (a) World map and the synoptic window over South Pacific region used in this study (red box: 
10°S 60°S and 130°E 160°W), (b) locations of automatic snow observation sites in the Southern Alps 

(yellow dots), and (c) photos of three study sites. Photo credits: NIWA’s field team. 
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Figure 2. Average SLP (hPa, contour intervals: 5 hPa), Z500 (meters, contour intervals: 60 meters), T500 
(°C, contour intervals: 2 °C), T850 (°C, contour intervals: 2 °C) and T1000 (°C, contour intervals: 2 °C) 
(1979-2018) over New Zealand during the cold months (June, July, August, September and October). 
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Figure 3. The Kidson Types, Trough (T), South Westerly (SW), Trough North West (TNW), Trough South 
West (TSW), High (H), High North West (HNW), Westerly (W), High South East (HSE), High East (HE), North 
Easterly (NE), High West (HW) and Ridge (R).  From Kidson (2000). The contours are 1000 hPa geopotential 

heights (meters). 
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Figure 4. (a) Average daily and (b) average monthly snow depth (cm) measured by SR50 at Mahanga 
(2010-2018), Mueller Hut (2010-2018) and Mt Larkins (2014-2018). 
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Figure 5. Total number of large snowfall days from June to November at three sites. 
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Figure 6. (a) Anomalies of SLP (hPa, contour intervals: 3 hPa) during the days of large snowfall. Solid lines 
indicate positive anomaly and dashed lines indicate negative anomalies. (b) Anomalies of Z500 (meters, 
contour intervals: 20 meters) during the days of large snowfall. The dashed lines show negative values. 
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Figure 7. Average integrated vapour transport (IVT) during large snowfall events over Tasman Sea and the 
New Zealand region. 
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Figure 8. Anomalies of temperature (°C, contour intervals: 1 °C) during the days of large snowfall (a) at 500 
hPa, (b) 850 hP, and (c) 1000 hPa. The dashed lines show negative values. 
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Figure 9. (a) One-day difference maps of SLP (hPa, contour intervals: 2 hPa) between the day of the 
snowfall events and the day prior to the snowfall events, and (b) difference maps of Z500 (meters, contour 
intervals: 2 m) between the day of the snowfall events and the day prior to the snowfall events. The dashed 

lines show negative values. 
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Figure 10. (a) Difference maps of T500 (°C) between the day of the snowfall and the day prior, (b) 
difference maps of T850 (°C) between the day of the snowfall and the day prior, and (c) difference maps of 

T1000 (°C) between the day of the snowfall and the day prior. The dashed lines show negative values. 
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Figure 11. The frequency of Kidson types during large snowfall events at three sites. 
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Figure 12. MSLP anomaly maps of snow events during the days with blocking regime (HE Kidson type) 
showing low pressure system west of the South Island and high pressure system on the east; blocking 

systems slow down the low pressure system and result in snow fall events on the western side of blocking 
anticyclones. 
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Table 1. A summary of snowfall events at the three SIN sites investigated in this study 

Location

Number 
of 

snowfall 
days

Average 
annual snow 
accumulation 

(cm)

Range of 
maximum snow 

depth (cm)

Threshold of large 
Snowfall events 

(cm) (greater than 
90th percentile 

value)

Number 
of large 
snowfall 

evets

Average 
contribution 

of large 
snowfall 
events to 

annual 
accumulation 

(%)

Mahanga 195 241
56 (2013/14)-

125.4 (2017/18)
12.5

23 22

Mueller 
Hut

310 632.7
212.4 (2016/17)-
364.2 (2012/13)

31
18 32

Mt 
Larkins

114 395.9
79 (2014/15)-

147.5(2017/18)
18

17 25
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Table 2. The frequency of synoptic regimes and Kidson types during large snowfall events

 Frequency of large snowfall events (%)

Synoptic 

Regime
Kidson types Mahanga Mueller Hut Mt Larkins % Total

T 34.8 66.6 58.8

SW 17.4 22.2 5.8

TNW 13 _ 5.8
 Troughing

TSW 8.7 _ _

% Total 74 88.8 70.5

77.8

HNW _ 5.5 11.8
Zonal

W 13 _ 17.6

% Total 13 5.5 29.4

16

Blocking HE 13 5.5 _

Total 13 5.5 _
16.2
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