
1.  Introduction
Glaciers are recognized as useful indicators of global climate change, owing to the sensitivity of their mass 
balances to small changes in climate (Nye, 1960). Although there has been an overall negative trend in 
global glacier mass balance since the early 1990s, which has been attributed to anthropogenic warming 
(Marzeion et al., 2014), glacier responses differ regionally, with some glaciers in the Karakoram and Pamir 
(e.g., Gardelle et al., 2013), western Scandinavia (e.g., Trachsel & Nesje, 2015), southern Patagonia (e.g., 

Abstract  North-westerly airflow and associated atmospheric rivers (ARs) have been found to 
profoundly influence New Zealand’s west coasts, by causing flooding, landslides and extreme ablation and 
accumulation on glaciers in the Southern Alps. However, the response of local glacier mass balance to 
synoptic-scale circulation, including events with ARs, has typically not been investigated by considering 
mesoscale processes explicitly. In this study, high-resolution atmospheric simulations from the Weather 
Research and Forecasting model are used to investigate the mesoscale drivers of an extreme ablation event 
on Brewster Glacier (Southern Alps), which occurred on February 6, 2011 during the landfall of an AR on 
the South Island. The following processes were found to be crucial for transferring the high temperature 
and water vapor contained in the AR into energy available for melt on Brewster Glacier: First, the moist-
neutral character of the air mass enabled the flow to pass over the ridge, leading to the development 
of orographic clouds and precipitation on the windward side of the orography, and foehn winds on the 
leeside. These processes fueled melt through longwave radiation and strong turbulent and rain heat fluxes 
within the high-condensation environment of the orographic cloud. Second, orographic enhancement 
occurred due to both cellular convection within the cloud and the combined effect of multiple 
precipitating systems by the seeder-feeder-mechanism. These results indicate the potential importance 
of AR dynamics for New Zealand’s glaciers. They also illustrate the benefit of mesoscale atmospheric 
modeling for advancing process understanding of the glacier-climate relationship in New Zealand.

Plain Language Summary  Atmospheric rivers, which are elongated, narrow structures 
in the atmosphere that convey large amounts of moisture through the midlatitudes, have been found 
to impact coastal regions worldwide, including New Zealand. Besides causing flooding and landslides, 
they can affect glaciers in coastal mountains such as the Southern Alps. The processes causing the high 
temperature and moisture in atmospheric rivers to trigger melt (or snowfall) at the glacier surface have, 
however, not been investigated explicitly because they operate at the size of mountain valleys and ridges 
which are difficult to represent in global data-sets. We address this by using an atmospheric model with 
high spatial detail to simulate a case study, where an atmospheric river coincided with extreme melt on 
Brewster Glacier in the Southern Alps. We find that the stability characteristics of the impinging warm 
and moist air masses lent the air the potential to ascend the mountain instead of being directed around. 
This resulted in cloud and precipitation development on the windward slopes whereby rain amounts 
were further enhanced by internal processes within the clouds. Melt was promoted through heat released 
from condensation and rainfall. Conversely, on the lee slopes, downslope winds caused warm and dry 
conditions.
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Braun et al., 2019; Schaefer et al., 2015), and New Zealand (e.g., Mackintosh et al., 2017) showing periods 
of stable or even positive mass balances. Although 15 of the 26 advancing glaciers observed worldwide in 
2005 were located in New Zealand (WGMS, 2008), the overall volume of ice contained in the Southern Alps 
has decreased (Chinn et al., 2012) as the largest debris-covered glaciers (e.g., Tasman Glacier) continued to 
retreat. The advancement of the fast responding glaciers at this time was controlled primarily by discrete pe-
riods of low air temperature associated with anomalous southerly winds and low sea surface temperatures 
in the Tasman Sea region (Mackintosh et al., 2017). These contrasting glacier responses to climate forcing 
indicate the complexity of glacier-climate interactions in the Southern Alps and illustrate the need to fur-
ther investigate the role of regional climate dynamics in this unique part of the world.

New Zealand is situated between 34° and 47°S in the open south-west Pacific Ocean, south of the qua-
si-stationary high-pressure belt of the subtropical Pacific and north of the polar air masses in the Southern 
Ocean. These contrasting air masses interact within the predominantly westerly airflow of the midlatitude 
storm track, which strongly controls the weather and climate of the South Island by the frequent passage 
of depressions and fronts (Figure 1a; Fitzharris, 2001). The frontal systems often involve atmospheric rivers 
(ARs), which are filamentary corridors of strong horizontal water vapor transport in the lower troposphere 
that are responsible for the bulk of the poleward movement of water vapor, sensible and latent heat across 
the midlatitudes (Zhu & Newell, 1998). They are typically associated with the low-level jet (LLJ) residing 
within the warm conveyor belt (WCB) ahead of the cold front in extratropical cyclones or midlatitude wave 
troughs (Ralph et al., 2018; Zhu & Newell, 1998). ARs have a bifold impact since they are both responsible 
for hazards and at the same time represent the main supplier of water resources in many coastal regions 
where they make landfall (Ralph & Dettinger, 2011). Due to New Zealand’s exposed maritime midlatitude 
setting, ARs regularly impinge on the western coasts of the country (Waliser & Guan, 2017) where they have 
been linked to extreme precipitation events (Rosier et al., 2015), river flooding (Kingston et al., 2016) and 
glacial mass balance variability (Cullen et al., 2019; Little et al., 2019). The Southern Alps, running along 
the west coast of the South Island over a distance of 500 km, represent the country’s most significant topo-
graphic feature with many peaks exceeding 2,500 m and the highest (Mt. Cook) extending to 3,724 m. Since 
their main axial range is oriented perpendicular (SW-NE) to the dominant Southern Hemisphere west-
erlies, they operate as an effective low-level barrier against the prevailing airflow and thus, substantially 
modify the synoptic-scale circulation (McCauley & Sturman, 1999). The frequent pile-up of air masses and 
associated development of extensive cloud and precipitation on their western (windward) side leads to the 
formation of a significant west-to-east precipitation gradient across the South Island, with large amounts of 
orographic precipitation on the west coast and in the mountains (3,000 to over 12,000 mm water equivalent 
[w.e.] a−1) and a pronounced dry eastern side (<1,000 mm w.e. a−1; Figure 1b; Griffiths & McSaveney, 1983). 
This input combined with simultaneously high melt rates in summer result in the glaciers having extremely 
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Figure 1.  Climatological setting of New Zealand: (a) Geographic location in the south-west Pacific Ocean within the Southern Hemisphere westerly wind 
belt and embedded frontal activity. Gray contour lines show the mean sea level pressure (hPa) in 1989–2018, with the colored areas distinguishing between 
warm, moist air masses of the subtropical high-pressure belt in the north and cold, dry subpolar air in the south. The mechanism of how ARs are frequently 
advected toward the west coast of New Zealand (Prince et al., 2021) is indicated. (b) Distribution of mean annual precipitation (1989–2018) over New Zealand, 
demonstrating a west-east gradient across the South Island. Underlying data set for both (a) and (b) is the ERA5 reanalysis. (c) Quickbird image of Brewster 
Glacier from February 8, 2011 draped onto a 15-m resolution Digital Elevation Model (adapted from Sirguey et al., 2016, Figure 1), with locations of the two 
AWSs being indicated by the red markers. ARs, atmospheric rivers; AWSs, Automatic Weather Stations.
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high mass turnover, causing them to be highly sensitive and adjust rapidly to climate forcing (Anderson & 
Mackintosh, 2012).

Many previous studies have investigated the micro- and large-scale controls on glacier mass balance in the 
Southern Alps. Energy balance and degree-day modeling approaches (e.g., Cullen & Conway, 2015; Gillett 
& Cullen, 2011; Hay & Fitzharris, 1988; Marcus et al., 1985; Neale & Fitzharris, 1997) facilitated the de-
tailed assessment of some of the most significant factors governing local energy and mass balance within 
the surface boundary layer of glaciers and snow packs, including radiation (Conway et al., 2015), cloud 
cover (Conway & Cullen, 2016), and turbulent heat fluxes (Conway & Cullen, 2013). Examination of the 
relationship between local processes and larger-scale climate dynamics revealed that mass gains and losses 
are closely coupled with synoptic conditions in the Australia-New Zealand region (e.g., Clare et al., 2002; 
Fitzharris et al., 1997; Hay & Fitzharris, 1988; Neale & Fitzharris, 1997; Purdie et al., 2011), with both gla-
cial ablation and accumulation tending to be linked to specific patterns of geostrophic flow and moisture 
advection (Cullen et al., 2019). In particular, ARs have been found to exert a key influence on glacial mass 
balance variability by manifesting both extreme snowfall and melt events (Little et al., 2019). Over a wider 
spatial and temporal perspective, the strength and frequency of synoptic weather systems and the direction 
of geostrophic flow are controlled by hemispheric and global modes of climate variability, teleconnection 
patterns and zonal wave activity; accordingly, glacier fluctuations and ice volume changes in the Southern 
Alps have been associated with numerous anomalies due to climate modes, such as the El Niño Southern 
Oscillation, the Southern Annular Mode, the Inter-decadal Pacific Oscillation as well as the Zonal Wave 3 
and Pacific South American patterns (e.g., Fitzharris et al., 2007, 1992; Mackintosh et al., 2017; Salinger 
et al., 2019; Sirguey et al., 2016).

Despite a broad understanding of the influence of local- and large-scale atmospheric controls on glacier 
mass balance in the Southern Alps, the response of a glacier to climatic change is often subject to non-linear 
dynamics and topo-climatic effects on the scale of individual valleys and ridges. According to the concept 
of Mölg and Kaser (2011), the establishment of a direct (statistical) connection between large-scale climate 
fluctuations and local mass balance variability masks the mesoscale, orographically induced processes at 
play, which provide the physical link between the two distinct atmospheric scales and effectively convert 
the large-scale climatic signal into a “local footprint” of mass change. Given the continuous improvement 
and high standard of state-of-the-art atmospheric models, efforts to simulate mesoscale processes affecting 
glaciers in complex terrain have been successful in numerous studies, and dynamical downscaling has even 
served to obtain highly resolved records of local climate, thus enabling the direct coupling of atmospheric 
with energy and mass balance models (e.g., Collier et al., 2015; Mölg & Kaser, 2011; Schaefer et al., 2015). 
No dynamical downscaling approach has yet been employed to systematically disclose the full process chain 
conducive to mass changes on New Zealand glaciers.

We hypothesize that mesoscale processes, which are neglected by statistical downscaling, are essential 
for understanding how large-scale conditions impact local mass balance variability in the Southern Alps. 
Therefore, our objective is to resolve the mesoscale process space in the mountain’s atmospheric boundary 
layer (ABL) above a New Zealand glacier for the first time by using a high-resolution atmospheric model. 
In this study, we implement a modeling case study of an AR event in 2011 that coincided with extreme 
ablation on Brewster Glacier in the Southern Alps. Our focus is motivated by previous work indicating that 
on Brewster Glacier (i) less frequent but large ablation events can account for almost 25% of total ablation 
during summer and are therefore particularly important for total mass loss (Gillett & Cullen, 2011), (ii) the 
majority of extreme ablation events in 2010–2012 have occurred during ARs (Little et al., 2019), and (iii) 
there is large uncertainty regarding the exact physical mechanisms of AR-related extreme precipitation and 
its impact on glacier mass balance. Given the uncertainties and the research gap outlined, our study yields 
the potential to increase the knowledge of how dynamical, thermodynamic and microphysical phenomena 
of the mountain-induced flow affect glacier mass balance and hence, provide a more comprehensive under-
standing of the glacier-climate relationship in the Southern Alps.
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2.  Data and Methods
2.1.  Site Description

Brewster Glacier is a small maritime alpine glacier in the Mount Aspiring National Park located at 44.08°S, 
169.43°E, just west of the Main Divide of the Southern Alps. The glacier covers an area of ∼2 km2 and 
descends the south-western slope of Mount Brewster (2,516 m), spanning a distance of ∼2.5 km from a 
maximum elevation of 2,400–1,700 m a.s.l. While the lower and major part of the glacier (<2,000 m; 77% of 
total area) is gently southerly sloping (10° mean gradient), the upper and smaller part is steeply declining in 
a south-westerly direction (31° mean gradient) and contains a number of large ice cliffs (Figure 1c). Average 
meteorological conditions in the lower ablation zone of Brewster Glacier (∼1,760 m; 820 hPa) are charac-
terized by an annual mean temperature of 1.2°C and mean annual precipitation amounts of more than 
6,100 mm w.e., with the majority of precipitation falling within a few degrees of the freezing level (Cullen 
& Conway, 2015). Note that the annual precipitation amounts recorded at Brewster Glacier are higher than 
can be represented by the relatively coarse-resolution reanalysis data for the Southern Alps in Figure 1b. 
The limited ability to capture localized precipitation maxima in mountainous regions is a widely observed 
shortcoming of ERA5 and other reanalyses (e.g., Sharifi et al., 2019).

Brewster Glacier is one of the best investigated glaciers in New Zealand with the longest in situ mass bal-
ance record of the Southern Alps. The record has been collected within the framework of a direct mass 
balance survey carried out since 2004, which involves the measurement of snow depth and density via snow 
pits and snow probing at the end of the accumulation season (April–October) and the determination of 
surface height change from ablation stakes at the end of the ablation season (November–March). The glaci-
ological measurements are supplemented by a comprehensive aerial survey using oblique aerial photogra-
phy, which has been carried out since 1977 (Chinn et al., 2005, 2012). Brewster Glacier thereby represents 
1 of 50 index glaciers in the Southern Alps permanently surveyed by flyovers. The photographs enable the 
delineation of the end of summer snowlines, which have been used as a proxy for equilibrium line altitudes. 
Calculating their departure from the long-term equilibrium line altitude permits inference of annual mass 
balances (e.g., Chinn et al., 2005; Sirguey et al., 2016) and volume changes (e.g., Chinn et al., 2012; Salinger 
et al., 2019) of glaciers in the Southern Alps. Since 2004, permanent observations of the near-surface me-
teorological conditions in the immediate surrounding of Brewster Glacier are available from an Automatic 
Weather Station (AWS) installed on bare rock, ∼200 m from the glacier tongue beside a proglacial lake at 
1,650 m a.s.l. (hereafter AWSLake; Figure 1c; Cullen & Conway, 2015; Gillett & Cullen, 2011).

Importantly, due to its moderate elevation (Hoelzle et al., 2007), its central position close to the Main Divide 
near the midpoint of the north-south distribution of glaciers in the Southern Alps (Chinn et al., 2012) and 
its relatively high exposure to synoptic weather systems, Brewster Glacier is representative of glacier surface 
climate and (historical) mass balance variability in the wider Southern Alps region (Salinger et al., 2019; 
Willsman et al., 2015), thereby reflecting the typical glacier response to regional and large-scale ocean-at-
mosphere dynamics.

2.2.  Glacier-Scale Meteorological, Energy and Mass Balance Data

A 22-month period from October 25, 2010 to September 1, 2012 served as the investigation period. During 
this time, a combined measurement campaign and mass and energy balance study was carried out at a 
site in the ablation zone of Brewster Glacier (1,760 m a.s.l.; Figure 1c), including high-resolution (30 min) 
meteorological measurements obtained at an on-glacier AWS (AWSGlacier) as well as comprehensive mass 
and energy balance modeling. The meteorological variables recorded at AWSGlacier include air temperature 
(Ta), relative humidity (RH), air pressure (P), wind speed (U), incoming (SW↓) and outgoing (SW↑) short-
wave radiation, incoming longwave radiation (LW↓), and surface temperature. Precipitation data (PREC) 
were not available and were therefore the only variable sourced from the AWSLake. The data were corrected 
for undercatch with a factor of 1.25, compressed to 6-h totals and complemented with winter precipitation 
by incorporating extrapolated measurements from a valley station in Makarora (Cullen & Conway, 2015). 
For a full documentation of the instruments at both AWSs and the data treatment, see Cullen and Con-
way (2015). The meteorological data collected at AWSGlacier were used to force a combined mass and ener-
gy balance model (Mölg et al., 2008, 2009) in order to obtain a detailed breakdown of the glacier surface 
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energy and mass balance (SEB and SMB) at the AWSGlacier site. A precise description of the model config-
uration and evaluation of the data output over the 22-month period (2010–2012) is provided by Conway 
and Cullen (2016) and Cullen and Conway (2015). Additional information about the turbulent heat flux 
and radiation schemes developed for the modeling can be found in Conway and Cullen (2013) and Conway 
et al. (2015), respectively. Overall, the model was found to realistically simulate all relevant surface energy 
fluxes and to successfully reproduce the accumulated mass balance throughout the simulation period, in-
cluding individual large ablation and snowfall events (Conway & Cullen, 2016).

2.3.  Reanalysis Data

For the representation of the synoptic-scale conditions, we used the ERA5 data set (Hersbach et al., 2020) 
from the European Center for Medium-Range Weather Forecasts, as it is the most highly resolved global 
reanalysis available, providing atmospheric, land surface and ocean variables at a 31 km horizontal grid 
spacing, 137 vertical levels reaching up to 0.01 hPa and an hourly output frequency. ERA5 has been suc-
cessfully used for a range of applications in climate research and has been shown to yield an overall good 
performance and improvement compared to previous versions and other reanalysis products (e.g., Albergel 
et al., 2018; Olauson, 2018).

2.4.  Selection and Investigation of the Case Study

For the selection of a case study day, we rely on existing work. Little et al. (2019) identified extreme ablation 
events from SMB modeling, defined as the 10 highest average ablation days during their study period (2010–
2012), and examined the associated synoptic-scale situation as well as the micro-scale meteorological condi-
tions and energy budget at the glacier surface. The six highest ablation events (all in summer) were found to 
be dominated by north-westerly circulation, locally associated with anomalously high air temperatures and 
rainfall amounts, prompting melt through high sensible, latent and rain heat fluxes, and additional energy 
input from longwave radiation. The importance of north-westerly flow in driving high ablation on Brewster 
Glacier was also highlighted by Cullen et al. (2019) who investigated the relationship between glacial mass 
balance variability and synoptic weather types. Prince (2020) found that five out of the six highest melt 
events on Brewster Glacier involved the highest category ARs (categories 4 and 5), based on the strength of 
the damage when they made landfall. Categories 4 and 5 correspond to “mostly hazardous, also beneficial” 
and “primarily hazardous” events with >1,000 to >1,250 kg m−1 s−1 totals of column integrated water vapor 
transport (IVT; Ralph et al., 2019).

Based on these findings, we selected February 6, 2011 as a case study for mesoscale investigation since: It is 
characterized by local- and synoptic-scale conditions that are typical during extreme ablation on Brewster 
Glacier; it has a strong AR detected; and it exhibits the strongest melt event in the 2010–2012 period.

To provide the framework for the mesoscale analysis and to link processes operating at the large and local 
atmospheric scales, we analyzed the case study event concerning (i) the related synoptic-scale atmospheric 
circulation and moisture fluxes, and (ii) the micro-scale glacial climatic environment and SEB. For (i) we 
used ERA5 atmospheric fields of surface pressure, column integrated water vapor (IWV), IVT, vector wind 
(at 10 m) as well as synoptic charts from MetService New Zealand, issued at 00:00 UTC on February 5 and 
6, 2011, respectively. For (ii) we utilized data from AWSGlacier (with precipitation from AWSLake) and the SEB 
modeling (Conway & Cullen, 2016; Cullen & Conway, 2015), which reflect the meteorological conditions 
and mass and energy fluxes at the glacier surface, respectively.

2.5.  Atmospheric Modeling

A high-resolution simulation of the atmospheric processes during the case study was performed with the 
advanced research version of the Weather Research and Forecasting (WRF) model (Skamarock et al., 2019) 
v. 4.0.1. The simulation was set up with two one-way nested domains centered over New Zealand and the 
Southern Alps region (Figure 2a; Table 1), allowing for telescoping horizontal grid spacing from 6 km in the 
parent domain (D1) to 2 km in the region of interest (D2). The resolution of the inner domain ensures that 
Brewster Glacier (covering an area of ∼2 km2) is represented explicitly by one land-ice grid point. In the 
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vertical, 84 model levels were specified, with the model top located at 50 hPa and the lowest eta-level corre-
sponding to ∼9 m above ground. In the coarse-resolution domain (D1), the model was forced at the lateral 
boundaries with ERA5 reanalysis data, while evolving meteorological conditions (wind, potential temper-
ature and vapor mixing ratio) were nudged toward the input in all atmospheric layers at hourly frequency. 
The model simulation was initiated 3 days (72 h) prior to the event day (00:00 on February 3, 2011) and 
finished 12 h after the event day (12:00 on February 7, 2011). The first 48 h were discarded for model spin 
up, providing the next 60 h (00:00 on February 5 to 12:00 on February 7) for model evaluation and analysis 
of mesoscale processes. Note that all times are in New Zealand Standard Time (NZST; UTC+12). The output 
interval was defined as 3-hourly for D1 and hourly for D2.
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Figure 2.  (a) Domain configuration used in the study (cf. Table 1); (b) WRF D2 topography and locations selected for analysis (cf. Section 2.6). WRF, Weather 
Research and Forecasting.

Domain configuration

Horizontal grid spacing 6 km (D1) and 2 km (D2)

Grid dimensions 500 × 500 and 346 × 346

Time step 30 and 10 s

Vertical levels 84; lowest eta-level: 0.997769 (∼9 m above ground)

Model top pressure 5,000 Pa

Model physics

Microphysics Morrison 2-moment (Morrison et al., 2009)

Cumulus Kain-Fritsch (Kain, 2004); none in D2

Radiation Shortwave: Dudhia (Dudhia, 1989); Longwave: RRTMG (Iacono et al., 2008)

Planetary boundary layer YSU (Hong et al., 2006)

Atmospheric surface layer Monin-Obukhov (revised MM5; Jiménez et al., 2012)

Land surface model Noah-MP (Niu et al., 2011)

Dynamics

Top boundary condition w-Rayleigh damping

Diffusion Calculated in physical space

Lateral boundaries

Forcing ERA5 reanalysis 31 × 31 km, hourly (Hersbach et al., 2020)

Grid nudging Only in D1; hourly frequency; default nudging coefficient used (0.0003 s−1)

Table 1 
Summary of the Most Relevant WRF Model Settings Used in This Study Concerning Domain Configuration, Physics and 
Dynamics Options, and Forcing Data
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The physics and dynamics settings used in this study are based on our experience using WRF in diverse 
latitudinal, topographic and climatic environments (e.g., Collier & Immerzeel, 2015; Mölg & Kaser, 2011; 
Turton et  al.,  2020). We selected the best performing configuration (in terms of statistical performance 
metrics) out of a set of 45 sensitivity runs involving different combinations of physics und dynamics op-
tions as well as nudging techniques and time step settings. The resulting set up (Table 1) is similar to one 
that has been successfully applied to Southern Patagonia (Sauter, 2020), a similar climatic setting as New 
Zealand. For the high-resolution domain (D2), topographic effects on radiation, including both topographic 
shading and slope effects, were accounted for and a cumulus parameterization was neglected since model 
simulations using a grid spacing smaller than 4 km are considered to resolve most convective processes 
explicitly (Weisman et al., 1997). Cloud microphysics were represented by the Morrison 2-moment scheme, 
which we consider the most robust parametrization scheme for clouds and precipitation in high-mountain 
and/or glacierized environments based on our previous modeling studies in different climatic zones (e.g., 
Collier et al., 2018; Mölg et al., 2017; Temme et al., 2020; Turton et al., 2020). Specifically, in the Himala-
yas, the Morrison 2-moment scheme has been proven to produce the most accurate output (compared to 
other microphysics schemes) when evaluated against observational data and radar/lidar cloud products 
(Orr et al., 2017). The scheme also outperformed other microphysics parameterizations tested during our 
sensitivity runs in terms of modeled precipitation amounts at the glacier site.

For both domains, land use came from the default, Moderate Resolution Imaging Spectroradiometer 
(MODIS)-based land-cover data set with a resolution of 30 arc seconds (∼1 km); in case of topography, NASA 
Shuttle Radar Topography Mission (SRTM) version 4.1 data (Jarvis et al., 2008) resampled to a 1 km grid 
were ingested (e.g., Collier et al. 2018). To ensure the correct spatial classification of snow- and ice-covered 
surfaces, the WRF land-ice mask and associated soil categories and vegetation parameters were updated by 
incorporating recent glacier extent data from the Randolph Glacier Inventory (RGI; Pfeffer et al., 2014) v. 6.0 
(e.g., Collier et al., 2015). Furthermore, the terrain height of the grid cell including AWSGlacier was manually 
decreased by 94 m, to match observations and to enable direct comparability between WRF output and 
local measurements. The change is unlikely to affect the atmospheric simulation in a disadvantageous or 
unrealistic manner as (i) the relative topography pattern in the region was retained, and (ii) the specification 
resulted in a reduced altitude difference to adjacent grid cells thus minimizing the risk of numerical insta-
bility (Zängl, 2012). Following Collier et al. (2018), to further optimize the representation of glacier surfaces 
in the Noah-MP land surface model, we removed the minimum snow depth to permit exposed ice and de-
creased the lower bound for surface albedo, to 0.47, which corresponds to the average albedo prevailing on 
Brewster Glacier on days without snow cover in the study period (e.g., Cullen & Conway, 2015).

Since the study focuses on Brewster Glacier, WRF modeled surface variables were evaluated against meas-
urements obtained at AWSGlacier by applying statistical performance metrics including root mean square 
error (RMSE), mean model bias (MMB) and Pearson Correlation Coefficient (r). Meteorological variables 
considered correspond to those outlined in Section 2.2, plus specific humidity (q) which was calculated 
from Ta, RH, and P. Of the (sensor-) height-dependent variables (Ta, RH, q, and U), air temperature and 
humidity (2 m) are directly comparable to WRF output, while for wind speed there is a discrepancy in ref-
erence heights, as U corresponds to a fixed height of 10 m in the WRF model but was recorded at a variable 
instrument height (between 2.5 and 3.4 m) at the AWS site. We therefore scaled measured U to 10 m by 
applying a logarithmic wind profile that accounts for atmospheric stability (e.g., Andreas et al., 2006), with 
friction velocity sourced from a version of the SEB data set (Cullen & Conway, 2015) that used the cz/L-par-
ametrization to calculate turbulent heat fluxes (Conway & Cullen, 2013).

2.6.  Mesoscale Analysis

To capture the nature and evolution of mesoscale processes, we investigated three separate aspects: the 
undisturbed (“background”) flow approaching the mountain range from the north-west; the changes in air 
mass and flow regime characteristics due to orographic effects when the air impinges on the mountains; 
and the resulting conditions in the mesoscale region and ABL above Brewster Glacier, which eventually im-
pact the glacier surface by the continuous exchange of energy, momentum and mass at the glacier surface.

The background flow was examined by assessing vertical profiles of atmospheric stability, humidity and 
flow regime parameters averaged over a 20 × 20 km (100 grid points)-sized region ∼250 km upstream of the 
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Southern Alps (Figure 2b), which corresponds to the approximate Rossby radius of deformation indicating 
the offshore distance of orographic wind field modification (Overland & Bond,  1995). Static stability of 
the air was represented by both the dry and saturated squared Brunt-Väisälä-Frequencies (BVF), N2, and 
Nm

2, respectively (Durran & Klemp, 1982; Equations 1b and 36). In contrast to the unsaturated BVF, Nm
2 

accounts for the latent heat released from condensation in a saturated environment and was used because 
the lower and mid-levels of the upstream flow were often largely saturated or likely to reach saturation on 
their path toward the Southern Alps. To determine the presumable flow regime (blocking vs. overflow) of 
the bulk low-level (1,000–800 hPa) upwind flow, the Froude Number Fr = U/Nh (Smith, 1980) was calculat-
ed, with h representing the height of the mountains (1,950 m). For U, we used the total wind (not the wind 
component normal to the ridgeline) as this was nearly perpendicular to the mountain range throughout the 
case study. Again, to account for the buoyancy-promoting effects of high low-level moisture content, we 
calculated a dry and moist version of Fr using N and Nm, respectively.

The modification of the airflow (concerning flow regime and air mass properties) through its encounter 
with the mountain chain was analyzed by vertical cross sectioning of stability and humidity metrics along a 
profile that runs along the axis of the approaching north-westerly (∼310°) airflow and intersects the South-
ern Alps almost perpendicularly (Figure 2b). At each end of the cross section, 10 grid cells were considered 
as boundary zone (interface to D1) and therefore truncated. The behavior of the low-level wind field and the 
spatial change of surface variables (Ta, RH, PREC, U at the lowest eta-level) were further investigated within 
a region immediately upwind of the coast (20 × 20 km/100 grid points; Figure 2b) and by using two-dimen-
sional-maps covering the full high-resolution model domain, respectively.

Atmospheric dynamics in the ABL above Brewster Glacier were examined in a region comprising 225 grid 
points (30 × 30 km) enclosing the glacier’s immediate mountainous environment near the Main Divide 
(Figure 2b). We focused on the (vertical) structure and hydrometeor composition of clouds and the asso-
ciated type and phase of precipitation. Cloud stability was represented by the saturated BVF (Nm

2) and hy-
drometeors, including cloud water, ice, snow, hail, graupel, and rain. The assessed variables were spatially 
averaged over the analysis region (Figure 2b).

3.  Results and Discussion
3.1.  Model Evaluation

Overall, the atmospheric model realistically captures the properties of the near-surface atmospheric en-
vironment at Brewster Glacier, with the bulk of modeled meteorological variables coinciding well with 
observations (Figure 3). In particular, air pressure and both long- and shortwave incoming radiation are 
simulated with very high accuracy concerning both diurnal cycles and absolute values (r = 0.69–0.98; MMB 
and RMSE < 1 hPa for P and <17 and 74 W m−2 for LW↓ and SW↓, respectively). For air temperature, pre-
cipitation, specific humidity and wind speed, temporal variability is well simulated (r ≥ 0.74; 0.47 for PREC), 
but there are deviations in magnitudes. In the case of precipitation, the comparison with measured amounts 
of PREC is not very straightforward because of (i) the coarse availability of the data in 6-hourly resolution 
bins (see Section 2.2), (ii) the measurements being sourced from AWSLake which is located 110 m below the 
glacier station, and (iii) contamination of the data with a 25% uncertainty range owing to general gauge 
undercatch. Model performance is poor in case of U and Ta, with the model producing a substantial overpre-
diction of wind speed (MMB = 7.87 m s−1) and an underestimation of air temperature (MMB = −2.45°C). 
Likewise, RH shows weak statistical metrics, which is mainly attributable to the fact that the air is perma-
nently saturated in the model, while there is moist but still unsaturated variability in the observations, and 
to the negative bias in Ta associated with a reduced water holding capacity of the air.

We investigated possible culprits for the weak model performance in terms of wind speed in our study (in-
cluding observational data used for evaluation, ERA5 driving data, model resolution, physical parametriza-
tions) and conclude that the positive wind speed bias most likely arises from a combination of the following 
factors: (i) the difference in reference heights of the wind sensor and the model output which could not be 
reliably compensated by upscaling measured U, and (ii) the subgrid-scale influence of topography and local 
processes that may not be fully resolved at 2 km grid spacing. A partitioning of the total U error into u- and 
v-components showed that the largest overestimations by WRF coincide with very high v-winds, suggesting 
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that localized, terrain-induced flow features like flow reversal and/or downslope acceleration may have 
produced peaks that do not align with observations. Both wind speed overestimation and cold temperature 
biases in WRF are frequently reported phenomena, particularly with respect to locations situated in remote 
regions or within complex terrain (e.g., Gómez-Navarro et al., 2015; Temme et al., 2020; Zhang et al., 2013).

Despite these deficiencies, the statistical performance metrics are in the typical range of reported values for 
model evaluations of WRF based on hourly data (e.g., Bannister & King, 2015; Collier et al., 2018; Collier 
& Immerzeel, 2015; Temme et al., 2020) and are thus considered to be a reliable and appropriate basis for 
mesoscale investigations.
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Figure 3.  Comparison of modeled hourly meteorological surface variables with measurements from AWSGlacier (AWSLake for precipitation). The measurement 
uncertainty is indicated for each variable by the gray shading. Dashed gray lines separate the model spin-up time (first 48 h) from the evaluation period. 
Statistical performance metrics for the evaluation period are indicated, with MMB and RMSE given in the unit of the respective variable. Note that the 
precipitation is provided hourly by WRF but is only available in 6-hourly resolution bins in the case of observations.
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3.2.  Large-Scale Conditions

The event on February 6, 2011 occurs alongside a NE-SW pressure gradient formed by a large, elongated 
sub-tropical high-pressure system situated east of Australia and to the north-east of New Zealand, and low 
pressure located to the south-west of the South Island. The latter is related to the onset of an upper-level 
westerly trough coupled with a near-surface extratropical cyclone that has a cold front embedded (Fig-
ure 4b). The cyclone induces north-westerly airflow at its north-eastern flank, which effectively advects 
warm and moisture-laden air from the northern Tasman Sea region toward the Southern Alps. This air over-
rides the prevailing colder air, thereby establishing a warm front, which passes the study region prior to the 
event day at 14:00 on February 5, 2011 (Figure 4a). Moisture is transported in a narrow corridor by the LLJ 
embedded within the succeeding WCB of the cyclone, resulting in average IWV amounts of up to 48 mm 
(Figure 4c) and IVT totals of ∼1,200 kg m−1 s−1 to the south-west and -east of the South Island (Figure 4d). 
These values considerably exceed the minimum thresholds defined for ARs (20 mm and 250 kg m−1 s−1, 
respectively; Gimeno et al., 2014), thus suggesting the presence of a pre-cold-frontal AR. Indeed, the mois-
ture plume was detected as an AR by Prince (2020) who recently obtained a 40-year climatology of ARs in 
the New Zealand region (Prince et al., 2021) based on detection and classification techniques developed by 
Guan and Waliser (2015) and Ralph et al. (2019), respectively. According to this categorization the AR on 
February 6, 2011 was ranked as an “exceptional” AR with “mostly hazardous, also beneficial” effects (Cat-
egory 4 of 5; Prince, 2020). The AR initially passes around the south-western tip of the South Island with 
its core zone (region of maximum IVT in Figure 4d) making landfall in Fjordland and the coastal regions 
to the west of Brewster Glacier being affected by the broad mid-to-outer AR section. With the cold front 
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Figure 4.  Synoptic-scale situation characterizing the case study: Synoptic charts for (a) February 5, 2011 and (b) February 6, 2011, issued at 12:00 NZST (note 
the time difference between UTC and NZST) by MetService New Zealand, with pressure centers and fronts mapped; average ERA5 (c) column integrated water 
vapor and (d) column integrated water vapor transport of the pre-cold-frontal AR during the event day (00:00 on February 6, to 00:00 on February 7, 2011). AR, 
atmospheric river.
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and associated AR moving north-eastward with time, Brewster Glacier becomes affected by the (slightly 
weakened) AR core by 00:00 on February 7, 2011. Daily average IVT experienced at locations offshore of 
Brewster Glacier reaches 750–1,000 kg m−1 s−1 (Figure 4c). The observed strength (moisture content and 
transport rate) of the event is consistent with findings reported by Little et al. (2019) and Prince (2020) who 
studied the AR based on ERA-Interim data. The impact of the AR ceases with the passage of the cold front 
at 00:00 on February 7, 2011, resulting in Brewster Glacier being dominated by south-westerly winds and 
postfrontal, cold and showery conditions (not shown).

The synoptic-scale atmospheric conditions during the event reflect the typical structure and sequence of a 
passing westerly trough and associated NW-SE-oriented front over the South Island and the Southern Alps 
(e.g., Wratt et al., 1996). This synoptic situation and related north-westerly airflow were considered essential 
for ARs to be advected toward the South Island west coast (Prince et al., 2021); they were also found to be 
predominant during extreme rainfall and river flooding events in the Southern Alps (Katzfey, 1995; King-
ston et al., 2016), as well as to enhance melt on alpine glaciers (Hay & Fitzharris, 1988; Cullen et al., 2019; 
Gillet & Cullen, 2011; Little et al., 2019) and snow fields (Neale & Fitzharris, 1997).

3.3.  Micro-Scale Conditions

The micro-scale conditions at the glacier surface were examined using meteorological measurements and 
energy balance terms (from the SEB modeling) at AWSGlacier. A detailing of the surface energy budget in-
cluding a description of the different SEB components is given in Table 2.

On the local scale, the case study on February 6, 2011 is characterized by anomalously warm and moist 
atmospheric conditions, with measured average air temperatures of 11.5°C, vapor pressure (ea) of 13.4 hPa 
and precipitation totals of 133.4  mm w.e. d−1. These values substantially exceed the respective averages 
of 5.1°C, 7.4 hPa, and 15.3 mm w.e. d−1 occurring during summer (December–February) ablation in the 
2010–2012 period, with Ta and ea being double and precipitation eight times as high as normal. Observed 
wind speeds (5.4 m s−1) are also significantly enhanced compared to the DJF-average (3.2 m s−1). These 
conditions enable anomalously large amounts of melt energy (QM; 455.5 W m−2), resulting in high ablation 
rates at the glacier surface and a total mass loss of 117.8 mm w.e. at AWSGlacier. In contrast, during average 
summer ablation, melt rates usually amount to 35.0 mm w.e. d−1 with a mean available QM of 170.5 W m−2 
(Table 2). On average, QM is mainly (by 62%) provided by net radiation (Q*) while the latent and rain heat 
fluxes (13% and 4%, respectively) play a less important role. Conversely, during the extreme melt event on 
February 6, 2011, enhanced U, Ta and atmospheric moisture result in the turbulent sensible (31%; QS) and 
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Flux (W m−2) February 6, 2011 DJF Description

QM 456 171 Energy available for melt at the glacier surface: Sum of Q*, QS, 
QL, QRAIN and a subsurface term (conductive heat flux, not 

shown), provided that the surface temperature is at 0°C

QS 140 (31%) 39 (23%) Turbulent sensible heat flux

QL 168 (37%) 22 (13%) Turbulent latent heat flux

QRAIN 76 (17%) 6 (4%) Rain heat flux

Q* 71 (16%) 106 (62%) Net radiation: Budget of net shortwave (SWNET) and net 
longwave (LWNET) radiation fluxes

SWNET 14 (20% of Q*) 111 (105% of Q*) Net shortwave radiation flux: Balance of incoming shortwave 
(SW↓) and outgoing shortwave (SW↑) flux components

LWNET 57 (80% of Q*) −6 (−5% of Q*) Net longwave radiation flux: Balance of incoming longwave 
(LW↓) and outgoing longwave (LW↑) flux components

Note. The energy balance terms listed (Q*, QS, QL, QRAIN) do not comprise a full budget since the conductive heat flux from the subsurface is not included. 
During the case study and on average during the DJF period, however, this flux is negligibly small (−0.3% to −1 % of QM). Further note that energy fluxes toward 
(away from) the glacier surface are positive (negative), following the glaciological definition.

Table 2 
The SEB Terms at AWSGlacier During the Case Study Compared to the Average Summer Ablation Period (DJF) at Brewster Glacier in 2010–2012 in Absolute and 
Relative (% of QM) Terms
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latent (37%; QL) heat fluxes being the primary drivers, complemented by high amounts of heat released 
from rain (17%; QRAIN). Compared with clear-sky conditions, Q* during the event accounts for only 16% of 
QM, with the major share of the reduced radiative energy being provided by net longwave radiation (80% of 
Q*). Comparable contributions of convective and rain heat fluxes to melt energy during extreme melt events 
on Brewster Glacier have been found by Gillett and Cullen (2011) for summer 2007/2008. Also, previous 
research has emphasized the important role of heavy rainfall and turbulent heat fluxes for high ablation on 
other glaciers in the Southern Alps (Hay & Fitzharris, 1988; Purdie et al., 2008).

Investigation of the melt event on February 6 is extended from February 5 to February 7 and is subdivided 
into three stages reflecting pre-event- (PRE), event- and post-event- (POST) conditions (Figure 5): during 
pre-event conditions, air temperature and vapor pressure are already elevated compared to average DJF 
conditions, the air is moist but unsaturated, and there are moderate amounts of LW↓ and SW↓, pointing to 
changeable conditions with partially cloud-covered sky (cf. Figure 3). Melt energy is mainly provided by Q* 
(52%), thus resembling usual summer ablation conditions driven by net shortwave radiation (84% of Q*). 
Both a sharp rise in Ta of more than two degrees, with associated increases of ea, LW↓, U and RH, and the 
onset of precipitation at around 18:00 on February 5 mark the beginning of the melt event (cf. Figure 3). Un-
til about 09:00 on February 6 (PH1), turbulent fluxes (71% of QM), with additional energy from Q* (19%) and 
QRAIN (10%) which are provided by high LW↓ and moderate amounts of liquid precipitation, respectively, 
(over-) compensate the lack of melt energy from SW↓ during nighttime, thus causing a slight rise of QM. As 
of 09:00 (PH2), increasing precipitation and a marked enhancement of wind speed (cf. Figure 3), associated 
with an intensification of turbulent heat fluxes, cause a strong increase of melt energy; relative contribu-
tions to QM thereby remain largely unchanged. At around 18:00 (PH3), heavy rain and simultaneous peaks 
in wind speed cause extreme amounts of melt energy, up to 722.3 W m−2, resulting in continuous half-hour-
ly melt rates of 3–4 mm w.e. Peaks in surface melt occur at 21:00 and 23:00 on February 6 as well as at 01:30 
on February 7, aligning fairly well with coincident maxima in measured Ta, ea and LW↓ and modeled U and 
PREC. Accounting for 35% of melt energy, QRAIN is clearly the main energy source in this phase, while QL, 
QS and Q*provide 30%, 25%, and 10% of QM, respectively. Comparatively high contributions of energy from 
rain (up to 37%) during large daily ablation have also been reported by Hay and Fitzharris (1988) for Ivory 
Glacier in the Southern Alps. Finally, at around 04:00 on February 7, post-event conditions are initiated by 
a sudden drop in Ta to less than 1°C and a sharp reduction of ea and U (cf. Figure 3), resulting in strongly 
reduced turbulent heat fluxes and thus, surface melt. RH, LW↓, and PREC remain high until the end of the 
modeling period, pointing to residual (post-cold-frontal) cloud cover and rainy weather. The surface energy 
budget returns to normal summer ablation conditions with a clear dominance of radiative fluxes (48% of 
QM) but still high energy release from rain (23% of QM).
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Figure 5.  Temporal evolution of energy balance components before, during and after the melt event on February 6, 2011. Main stages are defined as: Pre-event 
conditions (PRE) before 18:00 on February 5; the actual melt event (gray shading) from 18:00 on February 5 to 04:00 on February 7 with sub-phases (PH1, PH2 
and PH3) delimited by the dashed lines; post-event conditions (POST) from 04:00 on February 7 onwards. Gray triangles indicate times of peak melt. Positive 
(negative) energy fluxes are directed toward (away from) the surface.
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3.4.  Meso-Scale Processes

3.4.1.  Background Flow Characteristics

The atmosphere’s response to orography when an airstream strikes coast-
al mountains is largely governed by the thermodynamic and kinematic 
characteristics of the air upstream of coastal effects (background flow; 
cf. Figure  2b). The vertical distribution and evolution of wind speed 
and moisture throughout the case study (Figure  6) exemplify a typical 
cross-sectional profile of an extratropical cyclone, including: (1) a warm 
front sloping behind an upper-level jet core of the polar front jet, over-
lain by a stratiform cloud system that forms by the gradual synoptic as-
cent of the WCB upon the slanting frontal surface, (2) the succeeding 
warm sector with embedded LLJ that conveys warm air masses which are 
forced upwards in an area of deep convection ahead of (3) an approach-
ing cold front, tied to the upper-level jet. Behind the convective updraft, 
the air masses ascend rearward upon the frontal slope, forming dense 
mid- and high-altitude stratiform clouds, while the lower levels succes-
sively dry out from the surface due to the intrusion of cold, post-frontal 
air (Bjerknes & Solberg, 1922; Houze, 1993).

Consistently, water vapor mixing ratio (qv; Figure 6), IWV and RH (not 
shown) are strongly enhanced during the presence of the WCB (14:00 on 
February 5 to 00:00 on February 7) and exhibit two major peaks in the 
vicinity of the fronts, caused by the frontal (convective) ascents and asso-
ciated vertical penetration of moisture. While the moisture peak behind 
the warm front develops gradually, is comparatively persistent and gains 
moisture from upper to lower levels (forward ascent of air), the moisture 
plume associated with the cold front evolves rapidly and moistens from 

lower to upper levels (convective updraft and steep rearward ascent of air). Evidence for an LLJ is given by a 
coincident peak in low-level (1,000–850 hPa) IWV (not shown), qv, and U ahead of the cold front (Figure 6), 
displaced to the warm side of the corresponding 1,000–500 hPa IWV maximum (Ralph et al., 2004). To be 
defined as an LLJ, U is required to exhibit a maximum below 1.5 km that is at least 2 m s−1 larger than a 
local minimum aloft (Neiman et al., 2002) and usually reaches magnitudes of 20–30 m s−1 (e.g., Browning 
& Pardoe, 1973; Doyle, 1997; Katzfey, 1995; Ralph et al., 2017). Accordingly, we detect an LLJ core between 
960 and 940 hPa with magnitudes up to 26 m s−1. Below 850 hPa, the vertical wind profile shows a typical 
vertical shear characteristic of warm advection, i.e., clockwise turning of the wind with height (Figure 7; 
Ralph et al., 2005), with strong winds aloft that increase from mid to upper levels. The wind strengthens 
throughout the event, and a global maximum of U of almost 60 m s−1 develops at 300 hPa around 05:00 on 
February 7, indicating the passage of the upper-level jet stream. Similar velocities were found in upper-level 
jet cores of extratropical cyclones in New Zealand and other midlatitude regions (Browning & Pardoe, 1973; 
Katzfey, 1995; Neiman et al., 2008; Rauber et al., 2020).

The strong front-parallel wind speeds within the LLJ facilitate the effective and persistent advection of tem-
perature and moisture from likely both local and subtropical source regions (Rauber et al., 2020) across the 
midlatitudes within a narrow band that results in an AR. Associated vertical humidity profiles (Figure 7) 
showing largely saturated conditions and high water vapor content (13–16 g kg−1) between the surface and 
900–850 hPa are consistent with AR soundings from the eastern Pacific Ocean near the Californian coast 
(Neiman et al., 2008; Ralph et al. 2004, 2005) and the Southern Ocean near Tasmania (Rauber et al., 2020). 
Neiman et al. (2011) and Ralph et al. (2004, 2017) reported average core IWV magnitudes of 1.9 cm (2.8 cm) 
between the surface and 800 hPa (500 hPa) for midlatitude ARs, while we observe 20%–25% smaller values 
of 1.5 cm (2.1 cm). This might be due to a weaker AR in our case, or due the fact that the core zone of the 
AR studied here encounters the New Zealand coast further south and is already depleted in moisture when 
it reaches the study region. Collectively, the observed conditions and vertical profiles of moisture and wind 
speed in the AR (Figure 7) match the commonly accepted description of the typical structure of ARs with 
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Figure 6.  Temporal evolution of wind speed (shaded contours) and water 
vapor mixing ratio (g kg−1; contour lines) upstream of the study site (box 1 
in Figure 2b), with the estimated location of the LLJ, polar front jet (PFJ) 
and the passing warm (WF) and cold fronts (CF) marked. The position 
of the sample vertical profile (P) analyzed in Figure 7 is indicated by the 
black vertical lines.
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their association to upper- and lower-level jets as well as vertical frontal circulations and convection (Gi-
meno et al., 2014).

Due to the warm and moist nature of the air masses within the AR, its passage coincides with the intrusion 
of enhanced equivalent potential temperature. Although the dry static stability (N2) indicates absolutely 
stable conditions throughout, saturated Nm

2 profiles and Skew T-logp diagrams reveal a more complex pat-
tern of the atmospheric state, highlighting the prominent effect of high moisture content and largely sat-
urated conditions near the surface on atmospheric stability. Throughout the case study, the saturated BVF 
suggests that the atmosphere is weakly stable to near moist neutral in case of full saturation, which might 
be reached near the mountain range; Skew T-logp diagrams indicate various sublayers of weak potential 
instability below 600 hPa that become more pronounced as the airflow gains moisture in the vicinity of the 
mountains (not shown). In the AR core zone, at 21:00–23:00 on February 6, both vertical profiles of Nm

2 and 
corresponding Skew T-logp diagrams indicate predominantly stable lower levels (1,000–750 hPa) and moist 
neutral conditions aloft up to 400 hPa (Figure 7). This reflects the typical stratification found in ARs and 
LLJs elsewhere (Browning & Pardoe, 1973; Neiman et al., 2011, 2008; Ralph et al., 2005). After the AR with-
drawal and surface cold front passage (00:00 on February 7), thermodynamic profiles indicate a clear shift 
in the large-scale flow regime and air mass characteristics toward cold, moist but predominantly statically 
stable post-cold-frontal conditions (not shown).

To determine the behavior of the airflow when impinging on the Southern Alps, the interplay between 
wind speed, air mass stability and barrier height, as denoted by the Froude Number (Fr), is crucial. Values 
of Fr < 1 characterize a subcritical flow regime in which low-level flow is predominantly blocked (Doyle 
& Bond, 2001; Smith, 1979). Blocking may result in upstream flow deceleration and complex, non-linear 
mesoscale responses in the coastal zone, including stagnation, reversal, lateral deflection and splitting of 
the onshore flow, whereby a common response is the formation of a coast-parallel barrier jet (Overland 
& Bond, 1995; Pierrehumbert & Wyman, 1985). In a supercritical flow regime with Fr >> 1, the incident 
airflow can readily ascend and descend the mountain range by orographic lifting, which is often accompa-
nied by the generation of linear flow features such as mountain waves (Doyle & Bond, 2001; Smith, 1979). 
Fr ∼ 1 indicates a critical (or transitional) flow regime that is prone to exhibiting an internal hydraulic jump 
between sub- and supercritical regimes from one location or time to another. This regime has often been 
observed to occur in moist neutral flow conditions (Miglietta & Buzzi, 2001; Miglietta & Rotunno, 2005) 
and can lead to a complex pattern of cross-mountain flow and associated turbulent flow features such as 
wave breaking and downslope windstorms (Durran, 1990; Klemp & Lilly, 1975). The Fr of the bulk low-level 
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Figure 7.  Thermodynamic characteristics of the upstream flow in the core zone of the AR at 21:00 on February 6, 2011, indicated by a Skew T-logp diagram as 
well as vertical profiles of the squared dry and saturated Brunt-Väisälä-Frequencies, wind speed, water vapor mixing ratio and relative humidity.
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upstream flow beneath ridge height (1,000–800 hPa) calculated from saturated Nm, which is considered 
more realistic than Fr(N) due to the lower troposphere being largely saturated, shows that the effects of 
moisture enable the flow to largely overcome the barrier from around 14:00 on February 5 onwards (Fig-
ure 8a). This transition is coincident with the passage of the surface warm front and the arrival of the WCB, 
indicated by wind direction turning from W to NW (Figure 8a). Weak static stability, high wind speeds and 
associated large kinetic energy within the north-westerly warm-sector airflow thus suggest a transition from 
a non-linear “blocked” to a linear “flow-over” or at least critical regime at 14:00. The subsequent oscillatory 
behavior of Fr, characterized by fluctuations within a narrow range around 1, is likely caused by variations 
in low-level moisture content and suggests that there might be the potential of the air mass to undergo 
partial blocking and hydraulic switching associated with non-linear flow dynamics throughout the case 
study. The passage of the AR is marked by a distinct spike in Fr around 21:00 on February 6, pointing to a 
predominant direct overflow of the Southern Alps due to the high moisture and wind speed in the AR. A 
sudden shift in wind direction to the south-west at 00:00 on February 7 finally indicates the passage of the 
surface cold front (Figure 8a). Overall, the virtual absence of blocking combined with the moist-neutral 
(and partially moist-unstable) stratification in the warm sector flow give rise to the presumption that coastal 
mountains oriented normal to the 306° mean orientation of the low-level flow in the WCB and AR should 
be favored regions for large amounts of rainfall due to orographic enhancement (Neiman et al., 2002, 2011).

3.4.2.  Flow Encountering the Southern Alps

Wind-vector maps (Figure 9) and vertical cross profiles (Figure 10) simulated in D2 confirm the flow be-
havior inferred from Fr of the upwind flow. The initial blocking of the incident pre-warm-frontal low-level 
(1,000–800 hPa) airflow leads to large-scale flow stagnation and flow splitting upstream of the mountain 
barrier. Instead of diverting either side of the mountain, only a small portion of the flow is deflected to 
the left (north-east to east) and passes through Cook Straight, while the vast majority is diverted to the 
right (south) due to the Southern Hemisphere Coriolis force decreasing in response to the flow decelera-
tion (McCauley & Sturman, 1999; Pierrehumbert & Wyman, 1985). The diverted flow accelerates down the 
along-barrier pressure gradient, leading to the formation of a ridge-parallel, north-easterly barrier jet (Fig-
ure 9, T1). The jet is marked by a characteristic strong directional shear from north-westerly flow above the 
barrier height to north-easterly (∼62°) winds below 900 hPa, and features a core of maximum wind velocity 
at 960–940 hPa (450–650 m) that reaches 9–16 m s−1 in the coastal region offshore of Brewster Glacier (Fig-
ure 8b). Near the south-western tip of the South Island the jet speeds up to >30 m s−1 when merging with 
the airstream passing the country to the south through Foveaux Strait. The jet emerges rapidly at around 
18:00 on February 4 and reaches its maximum lateral extent of >200 km (Figure 9, T1) within only a few 
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Figure 8.  (a) Temporal evolution of wind direction and the dry and saturated Froude Numbers of the upstream (box 1 in Figure 2b) bulk low-level (1,000–
800 hPa) flow, with the timing of the coincident switching in wind direction and flow regime (Fr = 1) emphasized by the dashed lines. (b) Temporal evolution 
of wind speed and direction throughout the atmospheric column, averaged over a region at the coast immediately offshore of Brewster Glacier (box 2 in 
Figure 2b). The wind barbs indicate a transition from initial low-level blocking and barrier jet formation to north-westerly overflow in the early phase of the 
case study.
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hours, while its coastal core strengthens more gradually. This is similar to findings from Revell et al. (2002) 
who described a situation of blocked flow at the west coast of the South Island that involved an abrupt 
deceleration of the flow field to more than 250 km upstream of the coast and the progressive evolution of a 
barrier jet with at least 120 km lateral extent. The approaching warm front and WCB successively supersede 
the barrier jet by causing low-level air to become increasingly involved in orographic uplift (transition to 
“flow-over” regime). In total, the jet persists for ∼24 h until 18:00 on February 5 (Figure 8b), coincident with 
the start of precipitation and increasing surface energy fluxes on Brewster Glacier that lead to the onset of 
the melt event (cf. Figure 5; PH 1). It would be of interest for a future study to compare the modeling results 
to additional data such as observed wind products, which we presently do not have access to; however, over-
all, the properties (direction, magnitude, depth, extent, persistence) of the simulated barrier jet do compare 
notably well to those reported from other studies concerned with barrier jets along the south-western New 
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Figure 9.  Spatial distribution of surface air temperature, relative humidity and precipitation across D2 for different time snapshots during the case study, 
demonstrating the presence of a barrier jet (T1), foehn effect (T2) and impingement of the AR core zone ahead of the approaching cold front (T3). All variables 
except precipitation (surface variable) were taken from the lowest model level (∼9 m above ground), with vectors indicating the corresponding wind direction.
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Zealand coast (McCauley & Sturman, 1999; McGowan & Sturman, 1996; Revell et al., 2002). The occurrence 
of orographic blocking and barrier jet development is a common phenomenon in New Zealand and has 
occurred in association with many mountain ranges worldwide including the Andes (Temme et al., 2020), 
the European Alps (Bousquet & Smull, 2003), Antarctica (Schwerdtfeger, 1975), the Sierra Nevada (Par-
ish, 1982), and Taiwan (Yeh & Chen, 2003). Some of these events have been associated with the landfall of 
LLJs and ARs (Bozkurt et al., 2018; Neiman et al. 2002; Viale et al., 2013).

A common observation with blocked flow is an upwind redistribution of precipitation, with amounts en-
hanced upstream of the coast and reduced over the mountain slopes. This feature is due to barrier jets 
often being capped by a layer of enhanced static stability, which acts as a local baroclinic zone inducing 
mechanical uplift of the approaching air masses before they actually reach the topography (Bousquet & 
Smull, 2003; Doyle, 1997; Neiman et al., 2002; Sauter, 2020; Sinclair et al., 1997). An upwind concentration 
of precipitation is clearly evident during the early phase of the case study (Figure 9, T1), where precipita-
tion is restricted to the offshore zone and maximum rain rates occur at the upstream edge of the barrier jet. 
Further note the inclined potential temperature- (θ-) isentropes and the sloping isolines of moisture (qv and 
RH) and cloud cover in the vertical cross sections of Figure 10.

Mountain overflow of the weak moist-stable to moist-neutral warm-sector air promotes the formation of 
gravity waves that propagate vertically from over the Main Divide into the lee (eastern) side of the Southern 
Alps, evident by the distortion of the θ- and vertical wind fields (Figure 10a and 10d). While the waves are 
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Figure 10.  Vertical cross profiles capturing the most distinct stages of airflow modification when the upstream flow encounters the Southern Alps. The 
snapshots represent: Pre-warm-frontal conditions with orographic blocking (T1); overflow and foehn development during warm sector flow (T2) and during 
flow within the core zone of the AR (T3); time of the cold front passage associated with spill-over (T4); post-cold-frontal conditions (T5). The filled gray areas in 
each plot delineate the land surface, with the vertical black line marking the location of Brewster Glacier. Contour lines in (a) represent potential temperature, 
stippling in (b) highlights regions with RH > 90%, and vectors in (d) show the vertical wind component (direction and magnitude), with the reference vector 
given in the leftmost plot.
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comparatively weak during initial blocking, wave amplitudes thereafter increase substantially, allowing the 
upwind air to penetrate deep into the leeside surface layer. This is likely favored by the frequent periods 
with Fr ∼ 1 (Figure 8a), characterizing a critical flow regime in which the airflow is prompted to undergo 
spontaneous transitions between non-linear and linear states, which is typically conducive to large-ampli-
tude waves and non-linear flow features such as wave overturning. These often ensue strong downslope 
windstorms at the lee slopes (Figure  10d) which are succeeded by an abrupt readjustment to ambient, 
subcritical conditions further downwind in the form of a hydraulic jump (Elvidge et al., 2014; Miglietta & 
Rotunno, 2005). Mountain waves and distortions of the θ- and wind fields are characteristic phenomena 
during foehn events (King et al., 2017; Turton et al., 2017), which are classically defined as warm, dry winds 
descending in the lee of a mountain range, causing substantial increases (decreases) in leeside temperature 
(humidity) relative to the windward side of the ridge (Brinkmann, 1971).

Indications of foehn development provided by the orographic modification of the flow pattern are support-
ed by the cross-barrier change in air mass characteristics. Both vertical fields and surface maps of Ta, qv 
and RH demonstrate the continuous pile-up of the warm and moist low-level air masses within the WCB 
and AR (since 18:00 on February 5) at the windward slopes of the Southern Alps, resulting in intense cloud 
cover and orographic precipitation development within this “foehn wall” (Figures 9 and 10a–10c; T2–T3). 
Until 21:00 on February 6, when the AR core reaches the coast offshore of Brewster Glacier, the Main 
Divide represents a sharp demarcation, to the east side of which RH and qv are significantly reduced and 
cloud cover is zero (“foehn clearance”; Hoinka, 1985). In addition to the sharp depletion in moisture, con-
ditions at the leeside are marked by a pronounced low-level warming as indicated by the strong increase of 
Ta in the eastern valleys and foothills that reaches far down to the east coast of the South Island (Figures 9 
and 10a). The combined effect of decreasing humidity, increasing air temperature and locally enhanced 
surface wind speeds (Figure 10d) in the mountain leeside persists during nighttime and is characteristic of 
a foehn effect with associated cross-barrier warming and drying and severe downslope winds in lee valleys 
(Durran, 1990; Klemp & Lilly, 1975; McGowan et al., 1996). For example, comparison of near-surface hu-
midity, temperature and horizontal wind speed at two sites along the cross-section, located at comparable 
altitudes (∼870 m) immediately west and east (near Omarama) of the Southern Alps, respectively, revealed 
a marked drop in RH from 100% to 50%, a reduction of qv by ∼1 g kg−1, an increase of Ta by almost 8 K and 
strong local wind speeds up to 15 m s−1. These values agree well with cross-topography gradients measured 
during foehn conditions elsewhere (e.g., Bannister & King, 2015; Elvidge et al., 2014; Richner et al., 2006). 
Maps of surface meteorological conditions (Figure 9) further suggest that the “foehn anomaly” (Elvidge 
et al., 2014) is most significant where the barrier is highest, that is, in the area of Mount Cook (3,724 m), 
and reveal that horizontal wind speeds can reach up to 40 m s−1 on the lee slopes and within the major in-
lets and river valleys, such as around at Lake Tasman and Pukaki (not shown). Foehn in the Southern Alps 
of New Zealand, locally termed the nor’wester, is very common, with several events (some involving wind 
speeds up to 50–60 m s−1) being well documented in literature (e.g., McGowan & Sturman, 1996; McGowan 
et al., 1996, 2002). In addition, foehn winds that develop in response to the impingement of an AR onto a 
topographic barrier have recently been detected in Antarctica (Bozkurt et al., 2018; Wille et al., 2019) and 
exhibit very similar synoptic and mesoscale features as those presented here.

The foehn effect abates in the eastern foothills from 20:00 onwards on February 6 due to the successive 
intrusion of cold south-westerly air, and it finally ceases around 00:00 on February 7, coincident with the 
passage of the cold front and associated synoptic mid- to upper-level clouds. These cause a rapid dispersion 
of the cross-barrier temperature and humidity gradient by promoting heavy precipitation (Figure 9, T3) and 
a progressive spill-over of moisture to the east of the Main Divide (Figures 10b–10c, T3–T4). Spill-over of 
moisture and precipitation into the mountain leeside is reported from other New Zealand studies (Chater & 
Sturman, 1998; Sinclair et al., 1997), where it was related to the passage of active fronts over the Southern 
Alps, such as during the final stages of foehn effects (McGowan & Sturman, 1996). From 00:00 on February 
7 onwards, the lower levels become entrained by cold, post-frontal south-westerly air to either side of the 
ridge, while mid- and upper-level clouds and associated precipitation and spill-over persist until ∼08:00 on 
February 7. After the full dispersal of the high cloud, a banner cloud remains anchored to the mountain 
crest, which most likely forms by the leeside ascent and vortex formation of the highly non-linear post-fron-
tal flow (Figures 10b–10c, T5).
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There are different theories of foehn wind development and various explanations for its association with 
leeside warming and drying (Elvidge & Renfrew, 2016; Elvidge et al., 2014). We propose that the observed 
foehn is mainly thermodynamically induced, by the irreversible latent heating of the upstream air due to as-
cent, condensation and precipitation development over the windward slopes (thermodynamic mechanism). 
Strong mountain wave activity and severe downslope winds experienced at the leeside helped to effectively 
draw this warmed air into the leeside surface layer under additional dry adiabatic warming. The foehn was, 
however, at least initiated by the isentropic advection of potentially warmer higher level air down the lee 
slopes (isentropic drawdown mechanism), given the initial orographic blocking and barrier jet presence. 
The arrival of the WCB at 14:00 on February 5 did therefore not only cause a change in flow regime from 
a non-linear (subcritical or partially blocked) to a largely linear (supercritical or “flow-over”) or at least 
critical regime but also likely promoted the transition between foehn mechanisms (Elvidge et al.,  2014; 
King et al., 2017). Leeside mechanical turbulent mixing and radiative warming due to the dry, clear-sky 
foehn conditions (Elvidge & Renfrew, 2016) may have also contributed to leeside warming and drying. It is, 
however, beyond the scope of this study to determine the exact cause of the foehn effect, especially because 
it does not influence the mass of Brewster Glacier directly due to its location on the windward side of the 
mountain and at high elevation. Leeside foehn conditions may, however, be highly important for glaciers 
situated at the eastern side of the Main Divide.

3.4.3.  Atmospheric Dynamics Above Brewster Glacier

The mesoscale modulation of the airflow by the mountains determines the state of the ABL above Brewster 
Glacier, which in turn governs the conditions and processes at the glacier surface. Since turbulent heat 
fluxes and the heat released from liquid precipitation have been identified as crucial drivers of high glacial 
ablation during the case study, we focus particularly on the mechanisms of cloud and precipitation devel-
opment, as well as their composition and phase.

While during pre-event conditions (prior to 18:00 on February 5; cf. Figure 5), when the upstream flow 
is blocked, both cloud fraction and the concentration of cloud condensates (<0.1 g kg−1) in the Brewster 
region are low, the event itself (between 18:00 on February 5 and 04:00 on February 7) is characterized by 
an overall dense cloud cover and high condensate mixing ratios (qc; Figure 11a). In the first stage of this 
time window, until about 21:00 on February 6, clouds are confined to low- and mid-levels (900–700 hPa), 
with the cloud top varying between 750 and 550 hPa and the core zone (area of maximum total qc) being 
located at around 850–800 hPa, coincident with the approximate height of the mountain crest. According to 
the Morrison 2-moment microphysics scheme used in the modeling, these low- to mid-level clouds consist 
more or less of equal shares of rain and cloud water at the level of Brewster Glacier (Figure 11a), with high 
amounts of rainwater coinciding with peaks in modeled precipitation (cf. Figure 3). As the clouds near the 
ground are largely saturated (RH ∼ 100%) and water vapor pressure exceeds the saturation pressure over 
ice of 6.11 hPa (cf. Figure 3), glacial melt is promoted by an intensification of the turbulent latent heat flux 
toward the glacier surface. Furthermore, especially during PH2, when cloud thickness and cloud water 
ratios are high, strong condensation rates within the low-level clouds are likely to additionally enhance 
melting by releasing large amounts of latent energy, which may indirectly increase the surface sensible heat 
flux (by increasing the temperature of the air mass) and/or the rain heat flux (by promoting rainfall) at the 
glacier surface.

The clouds during PH1 and PH2 are assumed to be a combination of pre-existing synoptic clouds and oro-
graphically induced clouds that form due to windward mechanical lifting and condensation of the moist 
low- to mid-tropospheric warm-sector air masses, and accumulate within the foehn wall near the Main 
Divide where Brewster Glacier is located. They are largely stratiform (Nm

2 > 0), with a distinct convective re-
gion (Nm

2 < 0) located at 750–600 hPa. This region becomes particularly prominent between 09:00 and 21:00 
on February 6 (PH2), with almost 50% of the cloudy grid cells being unstable (Figure 11b). The observed 
pattern appears plausible as both observational (Browning et al., 1974; Houze & Medina, 2005; Medina & 
Houze, 2003; Rotunno & Houze, 2007) and idealized modeling studies (Fuhrer & Schär, 2005; Kirshbaum 
& Durran, 2004; Smith, 1979) have shown that orographic uplift of moist, neutral to marginally unstable 
air typically produces nominally stratiform orographic clouds on the windward side of a mountain range, 
which can feature embedded, closely packed convective cells formed by shallow convection. As revealed by 
background flow analysis, the upstream air masses are characterized by regions of conditional instability, 
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thus holding the potential to trigger cellular convection within the otherwise stratiform orographic cloud 
system. The existence of embedded convective motion within clouds can lead to significantly increased pre-
cipitation amounts, intensity and efficiency compared to a uniformly stable cloud system, since the cellular 
overturning produces pockets of increased cloud liquid water content, where invigorated microphysical 
processes quickly convert condensate to precipitation-sized particles (Fuhrer & Schär, 2005; Houze & Medi-
na, 2005; Kirshbaum & Durran, 2004). This may be one explanation for the strong turbulent heat fluxes and 
the extreme amounts of rainfall experienced on Brewster Glacier during the case study.

At 21:00 on February 6 (PH3), a dense, high-reaching cloud column emerges in the model simulation, 
that extends to over 300 hPa and persists until about 08:00 on February 7 (Figure 11a). It represents the 
high synoptic cloud (presumably cumulonimbus-type) associated with the passing cold front. The cloud 
is predominantly stable with scattered embedded convective regions (Figure 11b) and is composed of ice 
(400–200 hPa), snow and graupel (700–300 hPa) at mid to upper levels and rain at lower levels (≥600 hPa), 
with cloud water occurring throughout. Graupel peaks at a lower height than snow, extending down to 
approximately 800 hPa (Figure 11a).

The simulated vertical distributions of hydrometeors (Figure 11a) and cloud fraction (not shown) further 
suggest that there are two centers of microphysical activity within the cloud, one at 850–750 hPa and the 
other located at 550–450 hPa. This points to the presence of two separately operating but vertically connect-
ed cloud systems, namely, the constantly reproducing orographic cloud at lower levels and the intruding 
mid- to high-tropospheric frontal cumulonimbus cloud. The two precipitating systems are assumed to in-
teract in the form of a seeder-feeder-mechanism (Bergeron, 1965) to enhance orographic precipitation and 
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Figure 11.  Temporal evolution of clouds (structure and composition) above Brewster Glacier (box 3 in Figure 2b), indicated by (a) the vertical distribution of 
the total condensate mixing ratio and (b) the squared saturated Brunt-Väisälä-Frequency of cloudy grid cells, defined as the number of grid cells per time step, 
which exhibit a total condensate mixing ratio > 0 (indicated by the gray line referring to the right y-axis). Vertical black (P1 and P2) lines in (a) and (b) mark 
time snapshots, for which the vertical distribution of hydrometeors and Nm

2, respectively, are depicted in the corresponding panels on the right side. Numbers 
in (b) give the number of grid cells with Nm

2 > 0 (static stability) or Nm
2 < 0 (static instability).
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produce the extreme amounts of rain (up to 32 mm h−1 in WRF) experienced at the glacier surface. The 
mechanism implies that cloud droplets and/or ice crystals from the synoptic seeder cloud aloft fall into the 
orographic feeder cloud, where collision and coalescence and/or accretion cause a rapid growth in precip-
itation particles and thus increase precipitation at the surface to volumes greater than would be possible 
by each cloud system individually (Purdy et al., 2005). This is supported by the modeling which indicates 
that during peak cloud cover, the share of rain in hydrometeors at lower levels (950–700 hPa) significantly 
increases compared to prior conditions where only the orographic cloud was present (Figure 11a). The oc-
currence of convective dynamics throughout the cloud column (Figure 11b) may additionally contribute to 
precipitation enhancement by both accelerating the formation of raindrops in the lower orographic cloud 
(see above) and by catalyzing ice particle collisions and aggregation as well as coalescence and riming in 
the upper frontal cloud system, thereby promoting the fallout of ice hydrometeor mass in the form of rimed 
aggregates or graupel (Houze & Medina, 2005). Support for this process is provided by the modeled large 
quantities of graupel occurring within the cloud system above Brewster Glacier (Figure 11a). A range of 
studies have recognized orographic enhancement of frontal precipitation due to either or both of the two 
named mechanisms (Browning et al., 1974; Carruthers & Choularton, 1983; Rotunno & Houze, 2007; Viale 
et al., 2013), including for New Zealand (Purdy & Austin, 2003; Purdy et al., 2005; Revell et al., 2002; Wratt 
et al., 2000). Furthermore, Finlon et al. (2020) found observational evidence for the seeder-feeder mecha-
nism operating in an AR over the ocean south-east of Australia. In accordance with Wratt et al. (1996), we 
propose a combination of the seeder-feeder-mechanism and convective dynamics triggered by the release 
of conditional instability through uplift to be a potential driver of the large observed orographic rainfall 
enhancement and associated high ablation rates to the west of the Main Divide in the Southern Alps.

At 01:00 on February 7, cold and moist south-westerly post-frontal air progressively intrudes into the atmos-
pheric column from lower to upper levels, leading to a gradual dispersion of the orographic cloud. At the el-
evation of Brewster Glacier (∼820 hPa), clouds disperse around 04:00, thus initiating post-event conditions 
(cf. Figure 5). The upper ranges (<700 hPa) of the towering frontal cloud persist until about 07:00 and cause 
a late precipitation peak between 06:00 and 07:00 (cf. Figure 3). This rain shower is, however, less intense 
than the preceding ones since it is produced by the mid-level, predominantly snow-containing cloud alone. 
From 07:00 onwards, there is an overall cloud clearing.

4.  Conclusions
In this study, we used a high-resolution atmospheric simulation with WRF to reveal the mesoscale process-
es governing a typical extreme ablation event on Brewster Glacier in the Southern Alps of New Zealand. 
This is the first time, to our knowledge, that a mesoscale atmospheric model is used to investigate mass 
balance responses to large-scale atmospheric dynamics on a New Zealand glacier. The case study focused on 
an extreme melt event that occurred on February 6, 2011 during the landfall of an AR on the south-western 
coast of the South Island.

SEB investigations revealed that the melt event was locally driven by high surface air temperatures, en-
hanced atmospheric humidity and heavy rainfall (133.4 mm w.e. d−1). These resulted in strong turbulent 
(predominantly latent) and rain heat fluxes producing large amounts of melt energy, up to 722.3 W m−2. On 
the synoptic scale, the AR occurred within north-westerly airflow and was induced by a LLJ residing in the 
lower atmosphere within the WCB ahead of a surface cold front that was tied to an approaching upper-level 
wave trough. Based on the hourly model data, we investigated the mechanisms that transformed the high 
temperature and water vapor of the approaching flow into enhanced rainfall, turbulent fluxes and thus, 
melt on Brewster Glacier. By partitioning the analysis into three components targeting (i) the background 
flow, (ii) the orographically modified flow, and (iii) the structure and dynamics of clouds and precipitation 
in the ABL above Brewster Glacier, the following processes were identified:

•	 �The arrival of the warm conveyor belt behind a surface warm front that passed the study region prior to 
the event at 14:00 on February 5, 2011 caused a change in Froude Number and thus, a transition from 
an initially blocked (Fr ≪ 1) to a “flow-over” or at least critical flow regime (Fr ≥ 1). This enabled the 
warm, low-shear and moist-neutral to marginally unstable upstream air masses within the warm sector 
flow and AR to ascend the mountains.
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•	 �The change in flow regime led to the cessation of the earlier established, coast-parallel, north-easterly 
barrier jet, and to a shift of clouds and precipitation from the upstream edge of the blocked flow to 
over the western (windward) slopes of the Southern Alps. As the air mass continued to pass over the 
mountain range to the leeside, a gravity wave developed, and a thermodynamic foehn effect was creat-
ed, which caused warm and dry conditions as well as cloud dissipation (“foehn clearance”) and strong 
downslope winds at the mountain leeside. Brewster Glacier was situated just within the high-condensa-
tion environment of the orographic cloud immediately west of the Main Divide.

•	 �Windward precipitation was orographically enhanced by the development of convective cells in the oro-
graphic cloud, resulting from the release of potential instabilities within the upstream flow through 
mechanical lifting and orographically forced updraft. Very large amounts of rain occurred during the 
combined passage of the AR and cold front at 00:00 on February 7, 2011 as this most likely led to an 
effective combination of precipitation from lower- and mid- to upper-level precipitating systems by the 
seeder-feeder-mechanism.

These findings prompt the conclusion that, on the local scale, melt on Brewster Glacier was strongly en-
hanced due to: (i) high sensible and latent heat fluxes caused by moderate wind speeds combined with high 
temperatures and moisture content, respectively, of the impinging warm-sector and AR air masses; the high 
turbulent latent heat flux to the glacier surface is thereby assumed to have been particularly favored by the 
low-level orographic cloud; (ii) increased incoming longwave radiation due to the mentioned high cloud 
cover amount, and (iii) exceptionally large energy inputs from liquid precipitation falling on the glacier 
surface, partly originating from convective cloud regions and from the wash-out of the orographic cloud by 
rain droplets from a synoptic seeder cloud aloft.

The vertical distribution of hydrometeors (cf. Figure 11) during this summertime case study suggests that 
Brewster Glacier was situated only slightly below a critical altitude near the freezing point where the occur-
rence of various hydrometeor types and thus precipitation phases is very likely. This highlights the impor-
tance of seasonality for its mass balance, as discerned in previous studies (e.g., Little et al., 2019). Since sim-
ilar large-scale forcing mechanisms, that is, north-westerly airflow with embedded ARs, have been found 
to control both extreme ablation and accumulation in summer and winter, respectively, air temperature 
seems a key for the impact on glacier mass balance by dictating whether an extreme event will result in rain 
or snowfall and thus mass loss or mass gain at the glacier surface (Anderson & Mackintosh, 2012; Little 
et al., 2019).

While the processes promoting high melt on Brewster Glacier during the event might apply to other gla-
ciers on the windward side of the Main Divide, glaciers situated further to the east, outside of the foehn 
wall, could, conversely, be affected by leeside foehn conditions, that is, high shortwave radiation due to 
foehn clearance and increased sensible heat flux from strong downslope winds. These effects would also 
be evident during upwind blocking conditions, when the formation of an along-ridge barrier jet can shift 
orographic precipitation from the mountain slopes further upstream. There might thus be a different re-
sponse of glaciers situated at the western and eastern sides of the Main Divide during the same large-scale 
conditions, as recognized earlier by Purdie et al. (2011) for Franz Joseph and Tasman glaciers and found for 
other foehn-affected glacier environments as well (e.g., Temme et al., 2020).

We note that there are some uncertainties in our results given the limited study period and the potential sen-
sitivity to model settings including the choice of the microphysics parameterization. However, the model’s 
ability to reproduce local meteorological conditions (cf. Section 3.1) lends confidence to the key processes 
identified in our analysis. Furthermore, the case study showed that the consideration of mesoscale process-
es alongside micro- and large-scale observations enabled us to draw a consistent, multi-scale picture of the 
mechanisms triggering high melt on a glacier in the Southern Alps and lends support to the hypothesis that 
mesoscale processes represent an integral element of the glacier-climate relationship in the Southern Alps. 
The case study thus demonstrated the possibility of how to advance understanding of glacier-atmosphere 
links in the Southern Alps of New Zealand, underlining the benefit of mesoscale atmospheric modeling in 
this research field. For future studies, it would be worthwhile to couple the WRF model with a SEB model 
and perform sensitive experiments to explicitly evaluate the role of different mechanisms on orographic 
precipitation, and on the surface energy and mass fluxes at the glacier surface. This would also enable a 
more precise assessment of how the future development of air temperature and changes in the frequency 
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and occurrence of extratropical cyclones and ARs in the New Zealand region will impact the evolution of 
Southern Alps glaciers, as windward orographic precipitation, leeside foehn effects and spill-over depend 
on such dynamics.

Data Availability Statement
Data supporting the research study are included in an open access data base at https://doi.org/10.5281/
zenodo.4252462. Other employed data sets (see Section 2) are freely available from the National Aeronaut-
ics and Space Agency (NASA; Jarvis et al., 2008), European Centre for Medium-Range Weather Forecasts 
(ECMWF; Hersbach et al., 2020), and Randolph Glacier Inventory (RGI; Pfeffer et al., 2014) platforms. Syn-
optic charts (see Section 2.4) are not publically accessible but are provided on request by MetService New 
Zealand; meteorological records and surface energy and mass balance data (see Section 2.2) are described 
in Conway and Cullen (2016) and Cullen and Conway (2015).
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