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Abstract 18 

The oceans around New Zealand are regional warming hotspots where sea surface temperature 19 

(SST) is rising much faster than the global average. This has profound ecological, socio-20 

economic and climatic implications, particularly for the Southern Alps, which are highly 21 

sensitive to variations in climate. This study uses a sensitivity experiment with a regional 22 

atmospheric model to investigate how ocean warming over the past decade (2010–2020) has 23 

influenced New Zealand’s climate at different spatial scales, with particular attention to the 24 

high-elevation zones of the Southern Alps. The approach addresses the effects of an isolated 25 

SST increase, explicitly excluding broader systemic changes associated with global warming. 26 

Results suggest that rising SSTs have driven widespread increases in near-surface air 27 

temperature and humidity, particularly in autumn and summer, causing weakened westerlies 28 

and altered moisture transport pathways. These larger-scale circulation changes have modified 29 

the mesoscale flow regime near the Southern Alps, reshaping precipitation patterns and 30 

reducing foehn effects in the eastern lowlands. Crucially, the impacts of the SST increase extend 31 

into the alpine environment, where surface warming is amplified and (especially wintertime) 32 

snowfall is reduced. Consequently, high-elevation climate regimes have shifted towards 33 

warmer and more humid conditions, contributing to greater rainfall dominance and potentially 34 

accelerated glacial melt. 35 

This study provides a process-based understanding of the influence of SST changes on both 36 

regional and high-altitude climate in New Zealand. The findings emphasize the potential for 37 

continued ocean warming to exacerbate high-elevation climate shifts and glacier retreat, with 38 

substantial implications for regional hydrology, ecosystems, and human activities. 39 

 40 

Plain Language Summary 41 

The oceans around New Zealand are warming much faster than the global average, which 42 

impacts the region’s climate. Mountain regions like the Southern Alps are particularly sensitive 43 

to variations in climate, as even small shifts in temperature and precipitation can have major 44 

impacts on glaciers, ecosystems, and water availability. Determining to what extent ocean 45 

warming contributes to these local changes is difficult, as it occurs alongside many other global 46 

climate changes. 47 

This study isolates the effects of ocean warming by using an atmospheric model to simulate 48 

New Zealand’s climate for 2010–2020 under different sea surface temperature (SST) conditions 49 

– one with realistic, observed SSTs and one with modified, colder SSTs reflecting the 1981–2010 50 

average. Comparing the two simulations reveals how rising ocean temperatures alone have 51 

influenced the country’s climate over the past decade. 52 

The results show that ocean warming has made New Zealand’s atmosphere warmer and more 53 

humid, especially in autumn and summer. This has altered wind patterns and atmospheric 54 

moisture transport, leading to changes in precipitation across the South Island. In the high 55 

elevations of the Southern Alps, many effects are amplified, with a stronger increase in air 56 

temperature, less snowfall and a greater dominance of rainfall. 57 
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1 Introduction 58 

Oceans are warming globally by ~0.1 °C per decade (1981–2018) due to anthropogenic 59 

climate change (Bulgin et al., 2020). This warming trend is particularly pronounced in certain 60 

regions, which have been referred to as oceanic or marine "hotspots" (Hobday & Pecl, 2014). 61 

One such area is the region around New Zealand – particularly the southwestern Tasman Sea 62 

and the southwest Pacific Ocean – where sea surface temperatures (SSTs) have increased 63 

nearly four times the global average over the past decades (Oliver et al., 2017; Sutton & Bowen, 64 

2019). 65 

This disproportionate warming has far-reaching ecological, socio-economic and climatic 66 

implications. Warmer ocean waters induce heat stress on temperature-sensitive species and 67 

promote the spread of invasive taxa. Resulting shifts in species distributions cause disruption to 68 

ecosystems and changes to food webs and fish stocks (Keegan et al., 2022; Law et al., 2018). 69 

These ecological changes have direct economic consequences, particularly for fisheries and 70 

aquaculture, which are vital to New Zealand's economy. Elevated ocean temperatures also fuel 71 

more frequent and intense marine heatwaves (Oliver, 2019), that can have more immediate 72 

and severe effects, including mass mortality events (e.g., Bell et al., 2024; Thomsen et al., 73 

2019). 74 

Due to the small land mass and the large area of surrounding ocean, New Zealand’s 75 

terrestrial climate is largely influenced by the surrounding ocean temperatures (Sutton & 76 

Bowen, 2019). The South Island of New Zealand is located within the Southern Hemisphere 77 

midlatitude storm track, which is perpendicularly intersected by the Southern Alps, a mountain 78 

range extending along the west coast of the South Island with several peaks exceeding 3000 m 79 

above sea level (Figure 1). The Southern Alps act as a natural barrier to the prevailing westerly 80 

flow, thereby modifying the synoptic-scale circulation and creating a pronounced rain shadow 81 

effect, with high amounts of precipitation on the west coast of the island and in the mountains 82 

(3000 to over 12000 mm a-1) and dry conditions in the east (< 1000 mm a-1) (Griffiths & 83 

McSaveney, 1983). The glaciers in the Southern Alps, sustained by substantial snow input from 84 

the westerlies, are highly sensitive to variations in both precipitation and, particularly, air 85 

temperature (Anderson & Mackintosh, 2006). These factors depend on the characteristics of 86 

the transported air masses, which, in turn, are strongly influenced by their predominantly 87 

maritime source regions – most notably the Tasman Sea, located directly upstream of the 88 

Southern Alps (Lorrey et al., 2022; Purdie et al., 2011). Accordingly, variations in SST around 89 

New Zealand have been statistically linked to changes in glacier mass balance, ice volume, 90 

seasonal snow, and snowline altitudes in the high-elevation regions of the Southern Alps (Clare 91 

et al., 2002; Cullen et al., 2019; Fitzharris et al., 2007, Lorrey et al., 2022; Mackintosh et al., 92 

2017), with especially strong impacts observed during marine or coupled ocean-atmosphere 93 

heatwave events (Salinger, Fitzharris, et al., 2019; Salinger, Renwick, et al., 2019; Salinger et al., 94 

2023). Similar statistical links were found for other regions such as Peru (Vuille et al., 2008) or 95 

the United States (Christian et al., 2016). 96 

Although widely recognized, the statistical relationship between SST and New Zealand’s 97 

high-mountain climate, snow and glaciers has not yet been investigated from a process 98 

perspective, leaving the physical mechanisms that transmit large-scale SST signals to local 99 



manuscript submitted to Journal of Geophysical Research: Atmospheres 

 

climate anomalies and glacier mass changes ambiguous. However, understanding these 100 

physical linkages is crucial, as high-mountain environments are particularly sensitive and 101 

vulnerable to changes in climate and play an important role in regional hydrology, ecosystems 102 

and tourism (Steiger et al., 2024). 103 

Sensitivity experiments with limited area models (LAMs) are a common tool to 104 

investigate the effect of changes in larger-scale surface conditions on regional climate, as 105 

shown for the deforestation of the Amazon rainforest (Sierra et al., 2022) or the reduction in 106 

Arctic Sea ice (Porter et al., 2012). Several studies have investigated the impact of SST variations 107 

on meteorological phenomena such as (extra-)tropical cyclones (Lavender et al., 2018; Miglietta 108 

et al., 2011), monsoon rainfall (Sijikumar & Rajeev, 2012), heavy snowfall events (Jung et al., 109 

2012), as well as on coastal air temperature (Takahashi et al., 2015) or the surface mass balance 110 

of the Greenland and Antarctic Ice Sheets (Kittel et al., 2018; Noël et al., 2014). A few studies 111 

have also investigated the impacts of land-use or SST changes on high-mountain regions and 112 

glaciers (Collier et al., 2019; Mölg et al., 2012), but there has been no comparable work in New 113 

Zealand. 114 

In this study, we use regional atmospheric modelling and sensitivity experiments with 115 

the limited-area Weather Research and Forecasting (WRF) model to investigate the explicit role 116 

of SST in influencing atmospheric dynamics and climate variability across the South Island and 117 

in the high-elevation regions of the Southern Alps. In particular, we aim to identify how the 118 

regional and high-mountain climate have responded to ocean warming around New Zealand 119 

over the past decade (2010–2020). Our hypothesis is that the effects of SST variations are not 120 

confined to the lowland regions but extend to the high alpine environment, with significant 121 

climatic changes detectable in these areas. The study seeks to deepen the understanding of 122 

how oceanic changes affect complex local mountain climates, providing insights that could 123 

inform climate impact assessments in similar regions worldwide. 124 

2 Data and methods 125 

We utilized the Advanced Research version of the Weather Research and Forecasting 126 

(WRF) model v.4.2.2 (Skamarock et al., 2019) to conduct high-resolution atmospheric 127 

simulations for the New Zealand region. WRF is a state-of-the-art numerical weather prediction 128 

system widely used for both operational forecasting and atmospheric research. It has proven 129 

highly valuable in analyzing meteorological processes across different regions, applications, and 130 

scales (Powers et al., 2017). The study is based on two WRF simulations, a reference run (REF) 131 

and a sensitivity run (SENS), which cover the period from 2010 to 2020 and use the same model 132 

setup, except for two modifications in the sensitivity run that are described further below. 133 

The REF run was taken from a previously obtained, 16-year (2005–2020) WRF dataset 134 

for New Zealand (Kropač et al., 2023), which has been presented and thoroughly evaluated in 135 

Kropač et al. (2024). The model configuration employed two one-way nested domains centred 136 

over the Southern Alps (Figure 1), comprising one outer domain (D1) with a horizontal grid 137 

spacing of 10 km and one inner domain (D2) at 2 km, both with 60 model levels in the vertical. 138 

The simulation was initialized and laterally driven by European Centre for Medium-Range 139 

Weather Forecasts (ECMWF) ERA5 reanalysis data (Hersbach et al., 2020) at 31 km spatial 140 
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resolution, including the recent warming trend in SSTs. To gently constrain the evolving large-141 

scale meteorological conditions (wind, potential temperature, and water vapor mixing ratio) 142 

towards the input fields, analysis nudging (Stauffer & Seaman, 1994) was applied in D1, while 143 

the model was allowed to freely evolve in D2. Convective processes were calculated by a 144 

cumulus parameterisation in D1 and explicitly resolved in D2. The output frequency was daily 145 

(D1) and 3-hourly (D2), respectively. For more detailed information on the model setup and skill 146 

of the dataset, refer to Kropač et al. (2024). 147 

 148 

 149 

Figure 1. Domain configuration of the WRF model (left) and topography in D2 (right) with the 150 

annual mean SST difference between REF (ocean warming) and SENS (restricted ocean 151 

warming) in both domains in 2010–2020. The grey contour lines represent the average SST in 152 

1981–2010 as an absolute reference. The yellow box shows the region used for determining the 153 

presumable flow regime of air masses approaching the Southern Alps (1187 grid points; Sect. 154 

3.2.1). 155 

 156 

The decadal period from 2010 to 2020 was defined as the study period for the 157 

sensitivity experiment, representing a compromise between computational feasibility and 158 

climatological relevance. Since 2010, annual mean SST in the New Zealand region (D1 in Figure 159 

1) has consistently exceeded the variance range of the 1981–2010 climate normal period, 160 

indicating a considerably warmer background state of upper ocean waters around New 161 

Zealand. Additionally, during this period, several climate modes that are relevant for the New 162 

Zealand region, such as the El Niño Southern Oscillation (ENSO), the Southern Annular Mode 163 

(SAM), the Interdecadal Pacific Oscillation (IPO) and the Pacific Decadal Oscillation (PDO), have 164 

exhibited distinct phases, ensuring the incorporation of internal climate variability. 165 

The sensitivity run (SENS) was obtained as a new, 11-year (2010–2020) WRF simulation, 166 

utilizing the same model version, configuration and computational setup as the REF run, except 167 

for two changes concerning the SST field (1) and the nudging strategy (2): 168 
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(1) The SST field in the ERA5 input data was fixed to the (daily-varying) mean climatological 169 

SST from 1981–2010, thus artificially suppressing ocean warming. Consequently, when 170 

compared to the climatological baseline, the (unchanged) SST field in the REF simulation 171 

exhibits a significant mean increase of 0.37 °C across D1 over the study period (2010–172 

2020) (Figure 1; Table 1). This warming trend is evident across most of the ocean 173 

surrounding New Zealand, particularly in the Tasman Sea and the southwest Pacific 174 

Ocean southeast of New Zealand. Only the Southern Ocean south of 50° S shows a slight 175 

cooling signal, especially in summer (DJF). The most pronounced and widespread SST 176 

increase occurs in autumn (MAM), with an average change of +0.49 °C in D1 and +0.61 177 

°C in D2 (Table 1; Figure S1). Mean SST increases in summer and winter (JJA) are lower 178 

due to more localized warming, but higher maximum increases are reached (+1.27 °C 179 

and +1.44 °C) over the Tasman Sea and the south-west Pacific Ocean, respectively. The 180 

smallest SST change occurs in spring (SON) (Table 1; Figure S1). Consistent with this, 181 

long-term point measurements since 1967 from both the Hauraki Gulf on the North 182 

Island and Portobello on the South Island of New Zealand showed significant warming 183 

trends in autumn and winter (Shears & Bowen, 2017; Shears et al., 2024), accompanied 184 

by an increase of marine heatwave trends in these seasons (Cook et al., 2022). Similarly, 185 

Montie et al. (2024) found that most of the increasing seasonal marine heatwave trends 186 

around New Zealand in 1982–2021 were significant in autumn and winter. 187 

 188 

Table 1. Minimum, average and maximum change in the annual and seasonal SST field 189 

of the outermost (D1) and innermost (D2) WRF domains in the reference run (REF) 190 

compared to the sensitivity run (SENS). 191 

  MIN MEAN MAX 

D1 

ANN -0.21 0.37 0.97 

DJF -0.47 0.36 1.27 

MAM -0.24 0.49 1.17 

JJA -0.34 0.35 1.44 

SON -0.33 0.28 0.98 

D2 

ANN 0 0.41 0.66 

DJF -0.09 0.41 0.80 

MAM 0.21 0.61 0.82 

JJA -0.22 0.36 0.68 

SON -0.09 0.28 0.56 

 192 

(2) Analysis nudging, i.e., the relaxation of the model solution towards the input fields, was 193 

disabled in D1 of the SENS run to let the SST change take full effect and permit 194 

modifications in atmospheric dynamics across both domains. Preliminary 1-year test 195 

simulations using the REF configuration without nudging showed that the differences in 196 
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surface meteorological variables between REF and REF_NO_NUDGE were randomly 197 

distributed, with no discernible spatial or temporal trends. This led us to the conclusion 198 

that disabling nudging does not cause simulation drift over time, provided that 199 

meteorological conditions are updated at high frequency (3-hourly) at the lateral 200 

boundaries using a high-resolution driving dataset (ERA5, 31 km). While nudging is 201 

widely recognized for reducing model biases and improving the representation of local 202 

climate extremes (Bowden et al., 2012; Otte et al., 2012), our focus on seasonal 203 

averages in this study is expected to allow comparability between the two datasets, 204 

despite the use of nudging in REF D1 but not in SENS. 205 

To assess the impact of the SST increase in 2010–2020 (REF) on climate conditions 206 

within the model domains relative to the climatological reference period (1981–2010; SENS), 207 

we calculated and compared the differences of REF minus SENS for various meteorological 208 

variables. To determine whether the distributions of variables from REF and SENS differ 209 

significantly, we used the two-sample, two-tailed Kolmogorov-Smirnoff significance test for 210 

goodness of fit (KS test; Smirnov, 1933). As a nonparametric test, it does not assume normally 211 

distributed data and is therefore suitable for meteorological variables with potentially unknown 212 

or non-normal distributions. P-values ≤ 0.05 were considered statistically significant. To account 213 

for spatial autocorrelation of meteorological variables in spatial comparisons, we applied a 214 

False Discovery Rate (FDR) correction (Wilks, 2006), with the Benjamini and Hochberg (1995) 215 

method used for testing and adjustment of p-values. The KS test is relatively sensitive to sample 216 

size, hence significant differences were sometimes detected in 3-hourly (D2) but not in daily 217 

values (D1). 218 

2 Results and discussion 219 

The analysis is carried out at multiple scales, cascading from large-scale dynamics in D1 220 

(atmospheric circulation and moisture transport), mesoscale effects in D2 (flow patterns and 221 

surface climate), to the local climatic conditions in the high mountain environment of the 222 

Southern Alps. Changes due to SST increases are broadly similar across seasons, but overall, the 223 

most prominent response of atmospheric conditions and processes is seen in summer. Thus, 224 

the figures in the following sections focus on the summer season, while other seasons are 225 

included in the supplement (Figures S2 and S3). 226 

3.1 Large-scale effects 227 

The SST increase in REF (compared to SENS) strengthens the interactions between the 228 

ocean surface and the near-surface atmosphere: Enhanced heat exchange leads to warming of 229 

the near-surface atmospheric layer, which fuels evaporation (QFX) based on the Clausius-230 

Clapeyron equation predicting air to hold 7 % more moisture per degree warming globally (Held 231 

& Soden, 2006). Consequently, there is a widespread and significant increase in both near-232 

surface (2 m above ground) and atmospheric air temperature (T2 and T, respectively) as well as 233 

moisture content (Q2 and Q, respectively) across D1, with the spatial distribution of changes in 234 

T2, Q2 and QFX reflecting those of SST (Figure S2). Analogous to SST, the average warming and 235 

atmospheric moisture increase across D1 are most pronounced in autumn (+0.37 °C and +0.17 g 236 

kg-1), followed by summer (+0.27 °C and +0.14 g kg-1). 237 
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In response to the surface warming, a thermally induced, widespread but not 238 

statistically significant decrease in surface pressure and low-level geopotential height is 239 

observed across D1 (Figure 2a). Higher levels (~500 hPa and above) are characterized by a 240 

corresponding increase in geopotential height. The core of the low-pressure anomaly is centred 241 

between the islands, possibly due to a northward expansion of the westerlies and enhanced 242 

movement of depressions around the South Island through Cook Strait, as evident from the 243 

wind and moisture flux fields (see below). In summer and autumn, the reduction in low-level air 244 

pressure may also reflect a slight northward shift of the subtropical high due to ocean warming. 245 

 246 

 247 

Figure 2. Response of summertime (a) lower and mid-tropospheric geopotential height (Z), (b) 248 

low-level u-wind speed, and (c) column integrated water vapor transport (IVT) in D1 to SST 249 

increase in 2010–2020. The grey contour lines and arrows indicate the average summertime (a) 250 

geopotential height, (b) wind vector, and (c) column integrated moisture flux vector over ocean 251 

areas in SENS as an absolute reference. None of the differences is significant (sample size: ~ 252 

1000 times per grid point). 253 

 254 

This assumption is further supported by the (insignificant) changes in low-level wind 255 

fields, particularly in the zonal u-wind component (Figure 2b). These include (i) a weakening of 256 

the easterlies north of 35° S, (ii) a shift towards or strengthening of the westerlies between 35° 257 
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S and 43° S, and (iii) a weakening of the westerlies south of 43° S due to a reduced north-south 258 

pressure gradient in REF. In winter and spring, when the subtropical high is located further 259 

north and westerly winds prevail across the region, there is a strengthening (weakening) of the 260 

westerlies north (south) of 40–43° S (Figure S2). The SST-induced changes in pressure and wind 261 

patterns contradict future projections of a poleward shift of the Southern Hemisphere 262 

subtropical dry zones and mid-latitude storm tracks and jets under climate change (Lee et al., 263 

2021; Seidel et al., 2008), favouring more frequent anticyclonic conditions over New Zealand 264 

(Gibson et al., 2016). These differences highlight the importance of this study’s focus on the 265 

effects of isolated ocean warming rather than coupled changes in the climate system due to 266 

global warming. Importantly, insights into the specific role ocean warming plays in modulating 267 

regional circulation are assessed in this research. 268 

Column-integrated water vapor transport (IVT) in REF (compared to SENS) shows a 269 

weakening over and immediately downstream (east) of the South Island, contrasted by a 270 

strengthening of IVT both south and north of the South Island (Figure 2c; not significant). 271 

Moisture transport is particularly enhanced along the route from over the north-eastern 272 

Tasman Sea through Cook Strait and around the north of the North Island towards the east of 273 

New Zealand, affecting the entire North Island and the northern regions of the South Island. 274 

The observed change in IVT suggests that under ocean warming, atmospheric moisture 275 

transport tends to more frequently circumvent the Southern Alps (rather than flowing over 276 

them), favouring pathways around the South Island. This potential change in flow regime is 277 

investigated in more detail in the next section since it is a mesoscale feature. Seasonally, the 278 

described response of IVT, and by implication the flow regime, is most (least) pronounced in 279 

spring and summer (autumn and winter), when the westerlies are generally stronger (weaker).  280 

Most of the changes in large-scale dynamics in D1 are not significant, owing to the daily 281 

output frequency of the model in the outer domain, which was chosen to minimize 282 

computational expense and storage requirements. However, the detected responses are 283 

physically plausible, and many of the examined variables show significant changes based on 3-284 

hourly data in D2 (see below). 285 

3.2 Mesoscale effects 286 

The changes in SST and atmospheric state variables in D1 are manifested in the high-287 

resolution inner domain (D2) through regional modifications. A significant, domain-wide 288 

increase in both near-surface and atmospheric air temperature and atmospheric moisture 289 

content is observed in all seasons under ocean warming. As in D1, the near-surface warming is 290 

most pronounced in autumn (~0.42 °C) and least in spring (~0.25 °C) (Figure S3). The moisture 291 

increase is considerably stronger in summer and autumn (~0.20 g kg-1) than in winter and spring 292 

(~0.12 g kg-1) (Figure S3). As a response to increased atmospheric temperature and moisture, 293 

incoming longwave radiation is significantly enhanced throughout D2 following the Stefan-294 

Boltzmann law, with autumn (winter) exhibiting the strongest (weakest) signal (2.59 W m-2 and 295 

1.45 W m-2, respectively). Furthermore, the static stability of air masses over ocean areas is 296 

significantly decreased, as indicated by the unsaturated moist Brunt Väisälä Frequency (Nm
2; 297 

Chen & Lin, 2005) (Figure S3). 298 
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Based on the increase in background state atmospheric temperature and moisture 299 

content and the changes in large-scale atmospheric dynamics (wind and moisture fluxes), we 300 

identify distinct modifications in mesoscale atmospheric processes and near-surface climate 301 

variability in D2, which are elaborated in the following subsections. 302 

3.2.1 Change in the orographic effect 303 

Changes in large-scale IVT (see above) suggest a slightly more favoured air flow around 304 

rather than over the Southern Alps (and thus, the South Island) under ocean warming (REF). 305 

This hypothesis is now being tested and substantiated in the high-resolution domain by a more 306 

detailed investigation of the flow regime. The presumable flow regime is described by the 307 

Froude Number (Fr) as an interplay between wind speed U perpendicular to the mountain, air 308 

mass stability N and barrier height h (Fr = U/Nh) (Smith, 1980). Values of Fr < 1 characterize a 309 

“flow around” regime in which the flow is predominantly blocked and laterally deflected while 310 

values > 1 indicate a “flow over” regime in which the incident airflow can readily ascend and 311 

descend the mountain range by orographic lifting. High wind speeds and/or low static stability 312 

of the approaching air mass tend to favour the “flow over” regime, while low wind speeds 313 

and/or high static stability usually result in “flow around”. 314 

Due to the weakening of the westerlies south of ~43° S when SSTs are increased (REF) 315 

(see above), we observe a decrease in tropospheric wind speed across D2 (Figure 3a), along 316 

with a decrease in static stability of the approaching air masses (Figure 3b), thus posing 317 

counteracting effects for the response of the flow regime. According to IVT patterns (Figures 2c 318 

and 3c), the changes in wind speed appear to be more dominant than changes in static stability, 319 

resulting in an increased frequency of flow deflection and less frequent “flow over” events. To 320 

explore this further, we defined a sample region a few tens of kilometres upstream of the 321 

Southern Alps (Figure 1), in which we calculated the unsaturated moist Froude number (Frm = 322 

U/ Nmh) for 10 hPa bin averages between the ground and 750 hPa, corresponding to a barrier 323 

height of h = 2500 m. We then compared (i) the distribution of 3-hourly Frm and (ii) the number 324 

of “flow over” events (Frm > 1) in REF and SENS, respectively. The results indicate that (i) the 325 

Southern Alps are generally (in both REF and SENS) within the “flow around” regime, as Fr << 1 326 

most of the time (not shown). This is consistent with the regime classification of different 327 

mountain ranges in Schär (2002). Further, we found that (ii) the highest number of “flow over” 328 

events occurs in summer and spring and the lowest in autumn (Figure 4), which is most likely 329 

due to the westerlies reaching their maximum (minimum) intensity in spring (autumn) and air 330 

mass stability being lowest in summer. The number of “flow over” events in REF is consistently 331 

lower across all seasons compared to SENS, with the largest reduction in spring, followed by 332 

summer, and the smallest in autumn, resulting in a percentage decrease of “flow over” events 333 

of 13 % in spring, 7 % in summer, 4 % in winter and only 1% in autumn (Figure 4). Hence, there 334 

is physical evidence that weakened westerlies (despite simultaneously reduced air mass 335 

stability) during ocean warming (REF) lead to an adjustment of the flow regime towards more 336 

frequent flow deflection (at the expense of “flow over”), resulting in reduced IVT over and 337 

downstream of the South Island. The effect is most pronounced in summer and spring, 338 

corresponding to the months when “flow over” is generally most pronounced and important. 339 

 340 
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 341 

Figure 3. Response of summertime (a) low-level wind speed (U), (b) column-mean (≥ 500 hPa) 342 

unsaturated moist Brunt-Väisälä-Frequency (Nm
2), (c) column integrated water vapor transport 343 

(IVT), (d) 2m air temperature (T2), (e) 2m specific humidity (Q2) and (f) low-level cloud fraction 344 

(CFR) in D2 to SST increase in 2010–2020. The same is shown for (g) precipitation (PREC) in all 345 

seasons and (h) snowfall (SNOW) and solid fraction of precipitation (SFR) in winter. The grey 346 

contour lines and arrows represent the average state of the variables over ocean areas in the 347 

respective seasons in SENS as an absolute reference. The yellow dots highlight regions with 348 

significant (p ≤ 0.05) responses. 349 

 350 
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 351 

Figure 4. Average number of “flow over” events in REF (ocean warming) and SENS (restricted 352 

ocean warming) per season (left) and annual and seasonal percentage difference in the number 353 

of “flow over” events with respect to SENS (right). A “flow over” event was defined as any of 354 

the 3-hourly output times and vertical levels (between ground and 750 hPa) having a moist 355 

Froude number exceeding one. 356 

 357 

On the South Island of New Zealand, “flow over” is typically associated with orographic 358 

lifting of the approaching air mass, leading to condensation and large amounts of orographic 359 

precipitation on the windward (western) slopes and in the highest-elevation regions of the 360 

Southern Alps, while the eastern slopes experience a rain shadow effect and are characterized 361 

by warm and dry, relatively strong downslope foehn winds that extend far onto the eastern 362 

plains. As these winds predominantly flow across the Southern Alps from a north-westerly 363 

direction, they are locally referred to as the nor’wester (Sturman & Tapper, 2006). The rain 364 

shadow effect is most pronounced in the South Canterbury region of the Canterbury Plains on 365 

the east coast of the South Island, downstream from the highest peaks of the Southern Alps, 366 

with the nor’wester being a dominant feature of the local climate in this region (McGowan & 367 

Sturman, 1996). 368 

Consistent with a reduced occurrence of “flow over” events with ocean warming (REF), 369 

there is evidence of a general, but mainly summertime, weakening of the orographic effect, 370 

with less orographic precipitation on the windward side of the mountains and less warming and 371 

drying of the near-surface atmosphere by downslope foehn winds in the lee. Air temperature, 372 

humidity, cloud fraction, radiation and precipitation show corresponding, distinct responses 373 

west and east of the Southern Alps’ Main Divide, especially south of Arthur’s Pass (~43° S): 374 

 The west coast and western slopes are characterized by reduced low-level (≥ 800 hPa) 375 

cloud fraction (Figure 3f) and an associated increase in incoming shortwave radiation 376 

(SW) (Figure S3). Incoming longwave radiation (LW) (Figure S3) is only slightly (but 377 

significantly) enhanced, most likely due mainly to the atmosphere’s increased 378 

temperature and moisture content, with less influence from cloud feedbacks. 379 
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Precipitation decreases along the west coast in summer, when “flow over” is seasonally 380 

most important but at the same time shows the strongest decrease in frequency (Figure 381 

3g). The other seasons show a more complex response of precipitation to elevated SSTs, 382 

which is discussed in the next section. 383 

 The eastern slopes and east coast show increased low-level cloud fraction and 384 

precipitation (Figure 3f-g), along with an increase in incoming longwave radiation and a 385 

decrease in shortwave radiation. Q2 is significantly increased (Figure 3e), while T2 386 

displays only a slight, insignificant increase compared to the relatively strong warming 387 

observed in the rest of D2 (Figure 3d). The combined effects suggest a less frequent 388 

occurrence of the nor’wester in response to ocean warming around New Zealand, 389 

resulting in wetter conditions (increased humidity and precipitation) and relatively weak 390 

surface warming in the affected regions with respect to the rest of the island. The most 391 

affected region, showing the strongest and largely significant response of surface 392 

variables, is the foehn-dominated Canterbury Plains.  393 

The observed changes in large-scale circulation (air pressure and winds) and surface 394 

climate variability over the South Island induced by increased SSTs around New Zealand are in 395 

good agreement with a study by Renwick et al. (1999), who performed 10-year regional model 396 

simulations for New Zealand climate for both present-day conditions and for an equilibrium 397 

doubling of atmospheric CO2 concentration, using the Commonwealth Scientific and Industrial 398 

Research Organisation (CSIRO) Division of Atmospheric Research (DAR) limited-area model 399 

(DARLAM) driven by an atmospheric general circulation model. The CO2 doubling led to a rise in 400 

air temperature and a consequent large-scale decrease in mean sea level pressure and surface 401 

westerlies, causing a decrease in east-west gradients in precipitation, temperature and low-402 

level cloud cover. The largest changes were observed over the eastern South Island, in the lee 403 

of the highest topography. The authors also noted a decrease in vertical stability and associated 404 

enhanced convection. The increase in temperature, as well as the associated weakening of 405 

surface winds and the response of precipitation and cloud cover, were most pronounced in 406 

winter in this study. 407 

3.2.2 Alteration of precipitation patterns 408 

The response of precipitation to the SST increase in REF is complex. While summer 409 

shows a strong decrease in precipitation along the west coast of up to 3.17 mm day-1, and an 410 

increase over the eastern lowlands, thereby corroborating the weakening of the orographic 411 

effect, other seasons exhibit less clear patterns. In autumn, precipitation increases over both 412 

the ocean and the entire South Island, with the largest increase of up to 2.20 mm day-1 413 

occurring in the Southern Alps (Figure 3g). As the westerlies are comparatively weak in autumn 414 

– and “flow over” and orographic lifting occurs generally less frequently (see above) – changes 415 

in the flow regime are more likely to have a secondary effect on the amount and distribution of 416 

precipitation, while thermodynamic processes are likely of greater importance. The observed 417 

increase in precipitation may therefore be due to an intensification of convective processes as a 418 

result of increased air temperature and humidity (Figure S3). Winter and spring show a mixture 419 

of summer and autumn patterns, with some regions experiencing precipitation increases and 420 

others decreases (Figure 3g). Examining the underlying physical processes controlling this 421 
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regional variability in response is beyond the scope of this study, but we are willing to offer 422 

some possible explanations. Spring exhibits a bipolar response, with increased precipitation 423 

south of the Mount Cook region and reduced precipitation in the northern part of the Southern 424 

Alps. This might be due to a weakening of the westerlies in the north that reduces “flow over”, 425 

while the south experiences more moisture availability with only minor changes in flow regime. 426 

In winter, precipitation increases mainly occur in the lower-elevation regions around Haast and 427 

Arthur’s Pass, which are potentially due to moister air masses preferentially flowing over the 428 

Southern Alps in these regions. Higher elevations tend to experience a year-round increase in 429 

(mainly liquid) precipitation. 430 

Taking into account D1, where precipitation can be distinguished into stratiform and 431 

convective types due to the enabled cumulus parameterization, there is an overall, domain-432 

wide decrease in stratiform precipitation during ocean warming (REF), but an increase in 433 

convective precipitation, particularly over the Tasman Sea and along the west coast of the 434 

South Island (Figure S2). This is expected due to the enhanced air temperature, humidity and, 435 

consequently, instability of air masses (also noted by Renwick et al., 1999), and suggests more 436 

forced convection during orographic lifting on the windward side of the Southern Alps. The 437 

increase in convective activity is strongest in autumn, when the increase in SST, T2 and Q2 is 438 

strongest, consistent with the modelled increase in precipitation in the high-resolution domain. 439 

3.2.3 Decrease in snowfall and solid fraction 440 

Most of the observed changes in total precipitation are due to changes in rainfall 441 

patterns. However, in the high-mountain regions and in winter, when snowfall amounts are 442 

high, changes in snowfall become crucial for the overall change in precipitation. For glaciers in 443 

the Southern Alps, the solid fraction of precipitation, i.e., the proportion that falls as snow, 444 

plays a more important role than variations in total precipitation (Anderson et al., 2010) as 445 

snowfall directly enhances accumulation and albedo while rainfall promotes melting and 446 

ablation and increases glacier velocity (Fitzharris et al., 1999; Porhemmat et al., 2021; Purdie et 447 

al., 2008). Typically, the solid-to-liquid ratio is tightly coupled to the freezing point and is 448 

therefore most sensitive near the 0 °C isotherm. 449 

We notice a decrease in both snowfall and solid fraction (significant for 3-hourly values, 450 

but not significant for daily sums) across the Southern Alps due to the SST increase in REF, 451 

which is most pronounced and widespread in winter, with average (local maximum) decreases 452 

in snowfall of -0.04 mm day-1 (-1.09 mm day-1) and in solid fraction of -0.46 % (-7.70 %) (Figure 453 

3h). Spring also exhibits high reductions in snowfall, however, mainly within and north of the 454 

Mount Cook region (-0.04 mm day-1 up to -0.97 mm day-1 and -0.35 % up to -5.66 %, 455 

respectively), while summer and autumn are less strongly affected (Figure S3). Some regions 456 

east of the Main Divide show a slight increase in snowfall, especially in autumn and spring, 457 

which, however, does not result in positive solid fraction due to concurrently increasing rainfall. 458 

The decline in both snowfall and solid fraction is especially strong in the north-eastern Southern 459 

Alps beyond Arthur’s Pass, consistent with near-surface warming (see T2 in Figures 3d and S3). 460 
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 461 

Figure 5. SST-driven annual and seasonal change in (a) precipitation-related variables including 462 

total precipitation (PREC), rainfall (RAIN), snowfall (SNOW), and solid fraction (SFR), and (b) 2m 463 

air temperature (T2) and albedo (ALB) with respect to altitude. The time series of all terrestrial 464 

grid points between the ground and the highest grid cell (~2800 m) were averaged within 100 465 

m altitude bins. The grey shaded area highlights the high-elevation environment (≥ 1800 m) 466 

used in the local analysis (Sect. 3.2). Significance was not calculated due to the unequal number 467 

of grid points within the altitude bins. 468 

 469 

The decrease in snowfall tends to increase with altitude (Figure 5a). In winter, the 470 

largest reduction (~0.35 mm day-1) occurs between 1500 and 1700 m, with less pronounced 471 

decreases or even slight increases above 2300 m. Spring and autumn show similar mid-472 

elevation maxima in snowfall reduction (~0.25 mm day-1 and ~0.07 mm day-1, respectively), but 473 

with a further decline at higher elevations. In summer, snowfall decreases consistently with 474 

height (up to ~0.30 mm day-1). The solid fraction of precipitation reacts similarly to snowfall, 475 

but mid elevations show a clearly stronger response than high-elevations, with maximum 476 

declines of ~3.45 % in winter, ~1.92 % in spring and ~1.01 % in autumn (Figure 5a). Only 477 

summer exhibits a continuous decrease with height (up to ~0.98 %). These patterns suggest 478 

that reductions in snowfall manifest themselves most strongly in the form of decreasing solid 479 

fraction at mid elevations near – specifically, 100–200 m below – the annual mean 0 °C 480 

isotherm (1722 m in SENS; dashed line in Figure 5a), where snowfall is most sensitive to 481 

warming and most readily converts to rainfall. This is consistent with the understanding that 482 

the 0 °C isotherm typically marks the upper boundary of the snow–rain transition zone, an 483 

isothermal atmospheric layer of several hundred meters thickness at roughly 0 °C, in which 484 

both frozen and liquid hydrometeors coexist (Schauwecker et al., 2022). Notably, solid fraction 485 

seems to be related more strongly to the annual mean 0°C isotherm height than to seasonal 486 
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variations (between 1300 m in winter and 2395 m in summer), likely because seasonal 487 

mesoscale processes can create a complex solid/liquid transition zone (e.g. Minder et al., 2011), 488 

while averaging over the entire year removes such noise and lets the mean background signal 489 

appear more clearly. Of interest is that the annual mean 0 °C isotherm is 73 m higher in REF 490 

compared to SENS due to the warmer atmospheric conditions, consistent with recent studies 491 

that observed an uplift of 0 °C isotherms in response to global warming (Carrasco et al., 2005; 492 

Scherrer et al., 2021). This shift is quite remarkable given it is only governed by changes in SST 493 

in our dataset. Although the largest declines in solid fraction occur at mid elevations, there are 494 

also considerable reductions at higher altitudes, particularly in summer, autumn, and spring.  495 

Height plots such as in Figures 5 and S4 must be interpreted with caution, as potential 496 

spatial (west-east and north-south) variations are averaged across all terrestrial grid points per 497 

altitude range. When examining the western and eastern slopes of the Southern Alps 498 

separately (not shown), the mid-elevation peak in the decrease in snowfall and solid fraction is 499 

more pronounced on the western slopes, likely due to most precipitation forming within the 500 

orographic cloud on the western side of the Southern Alps. Changes in snowfall and solid 501 

fraction are possibly closely related to the mean orographic cloud height. Eastern grid points 502 

show a more complex pattern, with a general decrease of snowfall and solid fraction with 503 

height (except in winter), probably due to more complex precipitation development. There may 504 

also be differing responses in the mountain regions north and south of Arthur’s Pass, which we 505 

did not investigate in detail. 506 

3.2.4 Elevation-dependent warming 507 

Surface warming in REF increases with altitude, providing evidence of elevation-508 

dependent warming (Figures 3d and 5b). All seasons show a warming peak at mid to high 509 

elevations (1100–2200 m), along with a peak decrease in albedo (Figure 5b), with seasonal 510 

differences likely related to the varying height of the seasonal snowline. This points to 511 

elevation-dependent warming being linked to a positive snow-albedo feedback: warmer air 512 

masses lead to enhanced melting and shorter seasonal snow cover, exposing darker, less 513 

reflective surfaces (such as firn, ice, or bedrock), which absorb more heat and warm the 514 

overlying atmosphere further (Pepin et al., 2015). Snow-albedo feedback processes have been 515 

identified as important drivers of elevation-dependent warming in other mountain regions 516 

worldwide (Byrne et al., 2024; Chimborazo et al., 2022; Giorgi et al., 1997; Hu & Hsu, 2023; 517 

Minder et al., 2018). Unlike changes in snowfall and the snow-to-rain ratio, which are governed 518 

more directly by the location of the freezing level, the snowline position is determined by 519 

cumulative snowfall during the accumulation season and subsequent melt during the ablation 520 

season (Chinn & Chinn, 2020). The highest snowline typically occurs at the end of 521 

summer/beginning of autumn (March/April; Willsman & Macara, 2022) due to a lag between 522 

peak summer temperatures and the maximum melt rate. 523 

Among seasons, autumn shows the strongest feedback, i.e., the greatest increase in T2 524 

(by 0.47 °C) and decrease in albedo at elevations between 1900 and 2200 m, corresponding to 525 

some degree to the mean end-of-summer-snowline (EOSS) for 50 Southern Alps “index” 526 

glaciers in 2010–2020 (1925 m; Willsman & Macara, 2022). Summer, spring and winter exhibit 527 
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progressively weaker feedbacks with a warming of 0.44 °C, 0.37 °C and 0.31 °C, respectively, at 528 

progressively lower elevations of 1600–1800 m, 1200–1400 m and 1100–1200 m. 529 

The summit regions (> 2200 m) are characterized by a further strong increase in T2, 530 

despite a slight increase in albedo. This could be attributed to both increased shortwave 531 

radiation and elevated Q2, the latter leading to enhanced incoming longwave radiation, which 532 

raises night-time minimum temperatures. The process is highly sensitive to small changes in Q2, 533 

especially at low levels of Q2, which generally occur at high altitudes and low temperatures 534 

(Pepin et al., 2015; Pepin et al., 2022). Consistent with this, the warming signal in winter and 535 

spring is stronger in the highest elevation regions (0.34 °C and 0.40 °C, respectively) than 536 

around the snowline. 537 

Warming gradients with altitude are generally higher on the eastern side of the 538 

Southern Alps compared to the west, mainly due to weaker warming in the eastern lowlands 539 

(not shown). Summer exhibits the strongest increase in T2 with height, caused by the reduced 540 

foehn effect and associated weak warming over the eastern plains. Conversely, the decrease in 541 

albedo with altitude is more pronounced on the western side of the Main Divide. Albedo 542 

increases observed in winter and spring between 1400 and 2100 m occur mainly on the eastern 543 

slopes, potentially due to less frequent foehn winds (Sect. 3.2.1) or an increase in the number 544 

of snow-bearing south-easterly events, resulting in greater snow cover during these seasons. 545 

Consequently, increasing SST around New Zealand has led to high elevation regions 546 

facing a substantial rise in near-surface air temperatures, thereby providing additional energy 547 

for the melting of seasonal snow and glaciers, as well as most likely exerting strong impacts on 548 

alpine ecosystems and biota (Chinn & Chinn, 2020). Further ocean warming will likely maintain 549 

or exacerbate these effects. The elevation ranges experiencing the strongest warming and 550 

largest reductions in albedo coincide with the snowlines and equilibrium line altitudes of 551 

glaciers, driving their upward shift, and thus the potential for continued glacier retreat in the 552 

Southern Alps. Our findings therefore confirm SST as a contributing factor to the observed 553 

trend towards higher regional snowlines since the 1990s, which has intensified since the early 554 

2000s (Lorrey et al., 2022). They also reinforce previous work that has reported positive 555 

relationships between SSTs near New Zealand and EOSSs in the Southern Alps (e.g., Clare et al., 556 

2002; Mackintosh et al., 2017), with record high EOSS altitudes observed during marine or 557 

coupled ocean-atmosphere heatwaves (Salinger, Renwick, et al., 2019). 558 

3.3 Local-scale effects 559 

While already touched upon, we finally take a more specific look at the impacts of ocean 560 

warming on the climatic conditions in the high-elevation regions of the Southern Alps. The zone 561 

is defined as all model grid points above 1800 m (299 out of 119716), representing the 562 

minimum equilibrium line altitude of New Zealand “index” glaciers in 2010–2020 (Willsman & 563 

Macara, 2022). By focusing on these elevations, we aim to infer potential changes in the upper, 564 

mainly accumulation-dominated glacier regions that could impact long-term glacier stability. In 565 

contrast to the previous sections, in which the average responses to the SST increase over the 566 

modelling period (2010–2020) were analysed, this section also examines the development of 567 

the signals over time. 568 
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 569 

Figure 6. SST-driven change in 2m air temperature (T2; top row) and specific humidity (Q2; 570 

bottom row) in the high-mountain environment (≥ 1800 m) in the modelling period (2010–571 

2020): (a) frequency distribution of the 3-hourly raw data in REF (ocean warming) and SENS 572 

(restricted ocean warming), with dashed vertical lines indicating the 10th and 90th percentile of 573 

the respective distribution; (b) frequency distribution of monthly mean differences between 574 

REF and SENS; (c) temporal evolution of annual mean differences over the modelling period, 575 

with the dashed gray line indicating the inherent linear trend and filled circles marking years 576 

with significant (3-hourly) differences between REF and SENS. 577 

 578 

A significant shift in the distribution of 3-hourly and daily near-surface air temperature 579 

and specific humidity towards higher values can be observed on average for all high-elevation 580 

grid points during ocean warming (REF) (Figure 6), facilitating the occurrence of new extremes. 581 

The shift can be observed in all seasons, but is most pronounced in summer and autumn, 582 

consistent with the above analyses. The rise in T2 and Q2 is also evident, although not 583 

significant, in monthly averages (Figure 6b), with a mean (maximum) monthly warming and 584 

moisture increase at high elevations of 0.36 °C (0.83 °C) and 0.11 g kg-1 (0.64 g kg-1), 585 

respectively. Considering the temporal development, the differences between REF and SENS 586 

exhibit a positive trend for both T2 (+0.01 °C a-1; p = 0.06) and Q2 (+0.01 g kg-1 a-1; p = 0.10) 587 

over the modelling period (Figure 6c), indicating that high-altitude regions have experienced 588 

progressively warmer and more humid conditions under continued SST increase. The years 589 

2016, 2018 and 2019 stand out with especially high T2 and Q2 increases in REF, suggesting an 590 

influence from the prominent marine and coupled ocean-atmosphere heatwaves in these years 591 

(Oliver et al., 2017; Salinger et al., 2023). 592 

Other variables show less clear and significant responses to elevated SSTs compared to 593 

T2 and Q2. Some, such as precipitation-related variables or incoming shortwave radiation are 594 
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naturally right-skewed in their distributions of hourly/daily data, making potential changes or 595 

shifts difficult to detect. The overall tendencies of change in various meteorological variables 596 

and the associated trend of these changes over the modelling period are summarized in Table 597 

2. 598 

Wind speed shows a clear reduction, particularly in winter and spring, which is 599 

significant at 3-hourly and daily resolution. The average (maximum) decline amounts to -0.26 m 600 

s-1 (-0.85 m s-1) per month, with no discernible trend over time. Incoming radiative fluxes show 601 

a tendency towards higher values in REF, also lacking a temporal trend. The increase in 602 

incoming longwave radiation is only significant for 3-hourly values and in autumn, with mean 603 

(maximum) monthly increases of 1.10 W m-2 (11.44 W m-2); incoming shortwave radiation 604 

increases by ~1.22 W m-2 per month, with maximum values of 18.88 W m-2 per month, however 605 

not significantly, regardless of the temporal resolution. The response of albedo is seasonally 606 

dependent, with significant shifts to lower values in summer and autumn, but slightly higher 607 

values in winter and spring. Over time, summer, autumn and winter tend towards increasingly 608 

negative albedo (p = 0.07, p = 0.17 and p = 0.04, respectively), leading to an overall decrease in 609 

mean annual albedo throughout the modelling period, especially since 2015, likely driven by 610 

the increased frequency of marine and ocean-atmosphere heatwave events. 611 

 612 

Table 2. Average response of meteorological surface variables in the high-mountain 613 

environment (≥ 1800 m) to the SST increase in 2010–2020, and temporal trend and significance 614 

(*p ≤ 0.1, **p ≤ 0.05) of this response based on annual means. 615 

 T2 Q2 U PSFC LW SW PREC RAIN SNOW SFR ALB 

Response            

11-year trend 
 
** 

 
* 

– 
 
** 

– – – – – – 
 
** 

 616 

Total precipitation and rainfall show a tendency towards higher amounts in REF, 617 

especially since 2015, but changes are small and not statistically significant. The increasing 618 

trend over time seems to be driven largely by increasing amounts in autumn that are almost 619 

significant (p = 0.11 and p = 0.12, respectively). Snowfall shows a slight decrease, especially in 620 

winter and spring, as well as in annual averages, but significant changes are only evident at the 621 

3-hourly timescale in winter. Similarly, the solid fraction of precipitation is characterized by a 622 

general decrease, with statistically significant changes evident on the 3-hourly and daily 623 

timescales for the entire period, as well as for 3-hourly values in winter (p ≤ 0.01), spring (p = 624 

0.08), and autumn (p = 0.03). There is no significant trend over time for either snowfall or solid 625 

fraction. 626 

In summary, we observe changes in high-mountain climate due to gradual increases in 627 

SST, which can have serious potential impacts on glaciers and ecosystems. Rising air 628 

temperatures in the central and upper regions of glaciers promote the melting of snow and ice 629 

and result in more precipitation falling as rain, leaving less snow for accumulation and firn/ice 630 
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formation, despite the tendency for total precipitation to increase slightly over time, at least 631 

since 2015. In addition, rain-on-snow events have been shown to considerably enhance melting 632 

and glacier velocity (Horgan et al., 2015; Kropač et al., 2021; Purdie et al., 2008). These 633 

responses will threaten the long-term health of glaciers in the Southern Alps (Rounce et al., 634 

2023) and enhance their demise as ocean warming continues, with implications for regional 635 

runoff and freshwater availability. 636 

4 Limitations 637 

While this study generates new insights into how SST affects regional and high-638 

mountain climate in southern New Zealand during gradual climate change through physical 639 

processes, some limitations in the experimental design should be noted, which may affect the 640 

interpretation of the results. 641 

The use of a LAM for sensitivity experiments introduces certain methodological 642 

constraints. LAMs are designed to simulate small-scale processes within a defined domain, 643 

relying on externally prescribed lateral boundary conditions, typically sourced from global 644 

datasets such as General Circulation Models (GCMs) or reanalyses. For sensitivity experiments 645 

involving changes that affect more than just a few grid points, such as large-scale changes in 646 

SST, this setup can be challenging because the modifications can alter the internal energy 647 

within the regional domain, which can lead to energy accumulating over time, without the 648 

possibility for dissipation through the lateral boundaries. This lack of energy exchange with the 649 

exterior can result in unrealistic meteorological patterns, particularly in long simulations 650 

(Medvigy et al., 2011). Despite this limitation, LAMs have been widely employed in sensitivity 651 

experiments (e.g., Collier et al., 2019; Mölg et al., 2012; Noël et al., 2014; Porter et al., 2012; 652 

Sierra et al., 2022) as they provide high-resolution, customizable and cost-effective tools 653 

(compared to GCMs) for investigating regional atmospheric responses to changes in model 654 

physics or lower boundary conditions such as land-use or SST.  655 

Following these previous efforts, we are confident that this approach is suited to 656 

investigate the isolated effects of SST variations on New Zealand climate; however, by still being 657 

aware of the setup’s potential caveats, we have treated the output of the sensitivity run with 658 

caution. Importantly, we did not observe any unrealistic patterns or values in key 659 

meteorological variables such as temperature or precipitation. For some dynamical variables 660 

such as wind and IVT (Figures 2c and S2; mainly the v-components are affected), there is 661 

potentially some evidence of accumulating energy (momentum and moisture), especially at the 662 

eastern outflow boundary of D1, but the majority of variables are not affected by conspicuous 663 

behaviour near the boundaries. Furthermore, the responses observed in the sensitivity run 664 

appear physically plausible and explainable, indicating a generally reasonable performance of 665 

the model under the modified conditions. Nevertheless, we acknowledge that the sensitivity 666 

simulation may not fully capture the magnitude of the SST-induced impacts, as the regional 667 

model is constrained by the lack of large-scale energy interactions with the atmosphere outside 668 

of D1. The quantitative effects of the SST change are therefore subject to a certain degree of 669 

uncertainty. 670 



manuscript submitted to Journal of Geophysical Research: Atmospheres 

 

Another constraint is the use of nudging in REF D1 but not in SENS. Despite preliminary 671 

test simulations that showed no evidence of a time drift in the simulations without nudging, we 672 

cannot completely rule out that the discrepancy may have introduced other unknown sources 673 

of uncertainty, especially for quantitative interpretations. Importantly, the focus on monthly 674 

and seasonal time scales in this study means that random differences between REF and SENS at 675 

the resolution of single time steps are averaged out, which helps mitigate any uncertainty due 676 

to the different use of nudging. Thus, given the lack of evidence of any strong effect imposed by 677 

this constraint, we deemed it acceptable (and more sustainable) to not repeat the entire REF 678 

simulation. 679 

Lastly, due to the one-way nesting configuration and the treatment of the ocean surface 680 

as a quasi-static lower boundary condition in WRF (without including ocean physics), the model 681 

simulations do not allow for full domain and ocean–atmosphere interactions. The responses are 682 

only unidirectional, with feedbacks from the regional back to the large-scale domain, and 683 

feedbacks from the atmosphere back to the ocean, not being accounted for. Since energy fluxes 684 

between the ocean and the atmosphere tend to be dampened when feedback processes are 685 

considered (Kushnir et al., 2002), the fully coupled atmosphere–ocean system would need to be 686 

examined to obtain a more comprehensive understanding of the physical processes at play. 687 

Additionally, two-way nesting has been found to improve regional atmospheric simulations 688 

(e.g., Madhulatha et al., 2021; Urrego-Blanco et al., 2016), but both approaches demand 689 

considerably higher computational expense. 690 

5 Conclusions 691 

This study has investigated the influence of ocean warming on the regional and high-692 

mountain climate of New Zealand, with a particular focus on the high-elevation zones of the 693 

Southern Alps, where ecosystems and glaciers are particularly vulnerable to changes in climate. 694 

By employing a regional atmospheric model for a sensitivity experiment with modified SST 695 

conditions around New Zealand, we demonstrated that the gradual SST increase in 2010–2020 696 

has substantially impacted regional climate dynamics and the near-surface climate in both the 697 

lowland regions and, as hypothesized, the high-mountain environment of the Southern Alps, 698 

with potential long-term consequences for ecosystems, water resources, and glacier mass 699 

balance. 700 

Elevated SSTs were found to cause a large-scale increase in near-surface and 701 

atmospheric air temperature and humidity, particularly in autumn and summer, resulting in 702 

weakened westerly winds and altered moisture transport pathways, both of which are critical 703 

drivers of the weather and climate of New Zealand’s South Island. As a consequence, the 704 

mesoscale flow regime of air masses approaching the Southern Alps was modified, reshaping 705 

precipitation patterns and reducing the frequency and characteristic impacts of foehn effects in 706 

the eastern lowlands of the South Island. The foehn-dominated, typically warm and dry 707 

Canterbury Plains were particularly impacted by a transition to wetter conditions and 708 

comparatively weak warming. Surface warming generally showed an amplification at higher 709 

altitudes, with particularly strong temperature increases near the seasonal snowline, and both 710 

snowfall and solid fraction of precipitation experienced notable reductions, especially in winter 711 

and around the annual mean 0 °C isotherm. These effects were reflected in a shift in local 712 
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climatic conditions in the high alpine environment (≥ 1800 m) of the Southern Alps towards 713 

significantly warmer and more humid conditions, contributing to a higher proportion of 714 

precipitation falling as rain rather than snow. This has the potential to reduce accumulation 715 

while accelerating melt processes, suggesting that ocean warming around New Zealand has 716 

contributed to the observed negative mass balance, reduced ice thickness and volume, and 717 

retreat of New Zealand glaciers over the last decade (Carrivick et al., 2020; Mackintosh et al., 718 

2017; Vargo et al., 2020). Continued ocean warming in the New Zealand region, as suggested by 719 

future projections (Law et al., 2018), is therefore likely to exacerbate glacier retreat, with 720 

severe implications for regional hydrology and ecosystems. 721 

Despite some limitations, this study shows clear and physically plausible responses of 722 

both the regional and high-altitude climate to increasing SSTs around New Zealand. It should be 723 

emphasized that we have only examined the isolated effects of ocean warming, without 724 

concurrent changes originating in the atmosphere. Although the results presented here are 725 

internally consistent, future climatic changes in the New Zealand region may differ due to 726 

broader global climate change dynamics. For instance, GCMs suggest a southward shift of the 727 

subtropical high-pressure belt and a strengthening of the westerlies (Lee et al., 2021; Seidel et 728 

al., 2008), which could lead to different responses, e.g. in precipitation patterns (Renwick et al., 729 

1999). 730 

Changes in regional and local climate conditions driven by rising SSTs around New 731 

Zealand can significantly affect agriculture, tourism, ecosystems, water resources, and 732 

communities in New Zealand (Ausseil et al., 2019). Ongoing monitoring and advanced modelling 733 

are therefore essential to enhance understanding and develop strategies to address these 734 

challenges. Future research could benefit from global and fully coupled ocean-atmosphere 735 

models to reduce uncertainties and more accurately quantify impacts of SST changes. The 736 

methodology presented here offers the opportunity to investigate relevant topics such as the 737 

influence of ocean warming on extreme events or the isolated effects of marine heatwaves. 738 
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