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Abstract: Extreme warm summer near-surface temperatures over the Antarctic Peninsula (AP) can lead 13 

to surface melting and the disintegration of ice shelves. While individual case studies have linked such 14 

events to anomalous large-scale circulation, a systematic assessment of the dynamical pathways leading 15 

to AP-wide extreme austral summer warm events remains limited. This study uses ERA5 reanalysis data 16 

to investigate the large-scale dynamical precursors associated with extreme warm days over the Antarctic 17 

Peninsula. We apply k-means clustering to mean sea level pressure anomalies during high temperature 18 

extremes and identify five distinct circulation patterns with different dominant zonal wavenumbers. We 19 

investigate the spatio-temporal evolution and persistence of near-surface wind, temperature and pressure 20 

for each cluster. Four clusters are associated with rapidly amplifying planetary-scale wave patterns, while 21 

a fifth resembles a negative Southern Annular Mode–like state with enhanced persistence prior to event 22 

onset. Despite these differing pathways, all regimes promote anomalous northerly flow toward the AP, 23 

driving strong meridional temperature advection and regional warming. We demonstrate that extreme 24 

Antarctic Peninsula warm events arise from distinct circulation pathways, reflecting diverse dynamical 25 

states likely influenced by hemispheric-scale teleconnections and planetary wave interactions. 26 

 27 

1 Introduction 28 

The Antarctic Peninsula (AP) has undergone marked multi-decadal variability in surface air temperature 29 

since the mid-20th century. Warming trends calculated over periods longer than approximately 30 years 30 

appear robust, particularly during austral summer and autumn (González and Fortuny, 2018), with late 31 

20th century increases exceeding the global mean in several observational records (Marshall et al., 2006; 32 

Oliva et al., 2017; Wang et al., 2022a). Concurrently, the late 1990s marked the onset of a period of 33 

relative cooling consistent with internal variability (Carrasco et al., 2019; Turner et al., 2016). However, 34 

more recent analyses suggest that this early 21st century cooling may be weakening, with temperature 35 
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evolution closely tied to changes in large-scale circulation modes and regional pressure systems 36 

(Carrasco et al., 2019; Bozkurt et al., 2020).  37 

During austral summer (December-February), episodes of extreme warm surface air temperatures over 38 

the AP — frequently exceeding 0 °C — are projected to become increasingly common under future 39 

scenarios that include continued increases in greenhouse gases (e.g. Siegert et al. 2019). Similarly, 40 

pronounced increases in high extremes (p90; 90th percentile compared to mean background climate) in 41 

precipitation and westerly wind anomalies are projected to occur on the AP over the 21st century 42 

compared to increases in background climatology (Bracegirdle et al., 2024). Such extreme weather 43 

events can drive surface melt (Gorodetskaya et al. 2023), firn air depletion (Dunmire et al. 2024), and, in 44 

some cases, contribute to the destabilisation and collapse of ice shelves (Scambos et al., 2009; Wille et 45 

al., 2022). Improving our understanding of the atmospheric drivers of extreme warm temperatures is 46 

therefore critical for assessing Antarctica’s vulnerability to climate change and its broader implications for 47 

the Earth system. 48 

Extreme warm events over the AP are typically associated with strong poleward meridional wind 49 

anomalies near the AP at synoptic timescales, which are often associated with atmospheric blocking, 50 

atmospheric rivers and enhanced moisture transport towards Antarctica (Banwell et al., 2021;  Bozkurt et 51 

al., 2024; Gorodetskaya et al., 2023; Wille et al., 2022; Zou et al., 2023; Wang et al., 2022a; Wang et al., 52 

2022b). The synoptic scale circulation anomalies can be linked with remote forcing, and their effects on 53 

temperature may be modulated by local scale processes, including föhn warming on the eastern 54 

Peninsula (Bevan et al., 2020; Bae et al., 2022; Guarino et al., 2026; Kirchgaessner et al., 2021; Xu et al., 55 

2021; Zou et al., 2023). 56 

Anomalous tropical convection associated with the Madden–Julian Oscillation (MJO) and the El Niño-57 

Southern Oscillation (ENSO) can initiate poleward propagating Rossby wave trains that favour blocking 58 

highs over the South Pacific and Drake Passage (Renwick and Revell, 1999; Tseng et al., 2019; Clem et 59 

al., 2022; Barrett et al., 2025). In addition, a Rossby wave train from the tropical Atlantic has been shown 60 

to modulate the intensity of the Amundsen–Bellingshausen Seas Low (ABSL) on decadal timescales, 61 

thereby priming the regional circulation to influence conditions across the AP (Li et al., 2014; Li et al., 62 

2015). Furthermore, anomalous sea surface temperatures across the South Pacific Convergence Zone 63 

(SPCZ) have been linked to anticyclonic blocking over coastal West Antarctica through enhanced Rossby 64 

wave propagation (Deb et al., 2025). Together, these tropical-extratropical teleconnections can promote 65 

poleward transport of heat and moisture toward the Peninsula (e.g., Rondanelli et al., 2019; Clem et al., 66 

2022).  67 

Atmospheric circulation near the AP is also modified by the Southern Annular Mode (SAM) (e.g. Fogt et 68 

al., 2012; Clem and Fogt, 2013; Clem et al., 2016; Montano Bello and Villegas Bolanos, 2025). Post 69 

1979, the SAM has become less zonally symmetric, with an increase in zonal wave-3 structure and an 70 
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eastward shift in phase, resulting in more northerly flow over the AP during positive SAM conditions, 71 

consistent with an eastward displacement of the Amundsen–Bellingshausen Sea Low (Marshall et al., 72 

2022). The SAM has also exhibited a positive trend in austral summer and autumn since the late 20th 73 

century, with the summer trend driven primarily by stratospheric ozone depletion (e.g. Thompson and 74 

Solomon, 2002; Marshall et al., 2003; Fogt and Marshall, 2020), alongside a deepening of the ABSL 75 

(England et al., 2016). The shift toward more positive summer SAM conditions has contributed to long-76 

term warming over the AP through the intensification of high-latitude cyclones, strengthening of 77 

meridional flow onto the AP via amplification of the ABSL, and enhancement of lee-side föhn winds along 78 

the eastern AP (Marshall, 2007; Orr et al., 2008; Fogt et al., 2011, 2012; Turner et al., 2013; Hosking et 79 

al., 2013). Importantly, SAM variability has been linked to changes in the frequency of Peninsula-centred 80 

pressure dipole patterns and ABSL-dominated regimes (Hosking et al., 2013; Raphael et al., 2016), 81 

including an increased occurrence of an AP-centred dipole during summer between 1979 and 2016 82 

(González et al., 2018) 83 

While the typical circulation features necessary to drive anomalous high temperatures over the AP have 84 

been described in the literature (e.g. Balay and Renom, 2026; Clem et al., 2022; Gorodetskaya et al., 85 

2023; Wang et al., 2022a; Wille et al., 2022), there has been relatively little investigation into the diversity 86 

in circulation features amongst extremes. In particular: are all dynamically-driven AP extremes made 87 

equal? Gonzalez et al. (2018) performed daily clustering of circulation patterns around the AP during the 88 

entire year, and therefore did not isolate circulation features associated with extreme high temperatures. 89 

Nielsen et al. (2025) applied clustering to surface air temperature trends over the entire Antarctic 90 

continent which identified a single cluster representing the AP with its associated extremes, and therefore 91 

did not consider the diversity of circulation features amongst AP temperature extremes. As a result, a 92 

systematic characterisation of the circulation pathways producing summer high temperatures over the AP 93 

is lacking. 94 

This study uses ERA5 reanalysis data to examine the synoptic and large-scale circulation patterns linked 95 

to extreme austral summer temperature events across the AP. We define extremes over the AP and 96 

apply k-means clustering (cf. Nielsen et al., 2025) to mean sea level pressure (MSLP) anomalies at the 97 

onset of the extreme temperatures to identify their characteristic clusters which are then studied. The 98 

remainder of the paper is structured as follows: Section 2 outlines the methods, Section 3 presents the 99 

results, and Section 4 discusses the implications for understanding and anticipating future extreme events 100 

in a warming climate. 101 

2 Data and Methods 102 

 103 

2.1 Data 104 

 105 
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Daily mean near-surface air temperature, 10 metre wind fields, sea level pressure and 500 hPa 106 

geopotential height data were obtained from ERA5 for the period 1979-2024 on a regular 0.25o x 0.25o 107 

grid (Hersbach et al., 2020). Hourly zonal and meridional winds and temperature fields at 300 hPa were 108 

utilised in the meridional temperature advection analysis. ERA5 exhibits regionally varying near-surface 109 

biases at coastal stations and a general warm bias (DJF mean = +0.96 K) (Zhu et al. 2021) over the AP; 110 

however, it demonstrates generally high agreement in temporal variability with Antarctic station 111 

observations (DJF seasonal mean correlation coefficient = 0.82) (Zhu et al., 2021) and is considered to 112 

effectively capture the spatial structure and temporal variability of near surface temperature and 113 

circulation climate across the AP (Tetzner et al., 2019; Hillebrand et al., 2020; Zhu et. al., 2021). This 114 

makes ERA5 well suited for analysing synoptic scale circulation associated with austral summer 115 

temperature extremes across the AP.  116 

 117 

2.2 Methods 118 

 119 

2.2.1 Definition of temperature extremes 120 

 121 

Extreme high temperature days are identified based on 2-m temperature anomalies calculated relative to 122 

a 21-day running mean climatology.  Alternative climatological window lengths (7, 10, 14, 30 days) were 123 

tested (Supplementary Fig. S1), with 21 days chosen to best capture the seasonal cycle without 124 

oversmoothing. The AP temperature anomalies are then calculated as the area-weighted average over 125 

the whole region [80oW-50oW; 60oS-75oS]. Extreme summer temperature anomalies are defined as days 126 

when the temperature anomaly exceeds the DJF 95th percentile of departures from the 21-day running 127 

mean. This approach aims to capture coherent high temperature events which have the potential to 128 

impinge on ice shelf surface melting, and are most likely driven by large-scale regional circulation 129 

anomalies (e.g. Wille et al., 2022). The seasonal DJF temperature trend over 1979-2024 is not significant 130 

across the AP region in ERA5 (Zhu et al., 2021), and we find no systematic trend in the frequency of 131 

extreme high temperature days during the analysis period (Supplementary Fig S2).  132 

Extreme high temperature days are grouped into events allowing up to 2 consecutive non-extreme days 133 

within a sequence (cf. Baldwin et al., 2019; Ruosteenoja & Jylhä, 2023). Sequences separated by >2 134 

days were treated as independent events. This definition captures 87 events (mean duration 2.4 days), 135 

with most lasting one day (n = 35, 40%) and 82% lasting three days or fewer. 136 

 137 

2.2.2 K-means clustering 138 

 139 

K-means clustering has been applied to understand Antarctic climate in previous work (Coggins et al., 140 

2014; Nielsen et al., 2025; Gonzalez et al., 2018). Here, we apply k-means clustering using Lloyd’s 141 

https://doi.org/10.5194/egusphere-2026-1179
Preprint. Discussion started: 6 March 2026
c© Author(s) 2026. CC BY 4.0 License.



5 

algorithm, to the daily MSLP anomaly fields over the region [50oS - 90oS, 180oW - 0oW] for days -3 to +1 142 

relative to the event onset (day 0). The −3 to +1 day window is chosen to capture the immediate synoptic 143 

evolution preceding and during extreme high temperature events, while limiting the inclusion of unrelated 144 

background variability. Each day within this window is treated as an independent sample in the clustering 145 

procedure. That is, daily MSLP anomaly fields from all events spanning days −3 to +1 are input to the 146 

clustering. This allows the temporal evolution of circulation patterns leading up to event onset to be 147 

assessed through the event duration. 148 

 149 

Lloyd’s algorithm is iterative and centroid-based, partitioning the dataset 𝑋 containing 𝑛 observations into 150 

𝐾 distinct groups 𝐶𝐾 , such that each day is assigned to the cluster with the nearest centroid 𝑈𝐾. The goal 151 

is to reduce the total within-cluster variance by minimizing the sum of the squared distance between each 152 

data point and the center of its assigned cluster. Mathematically, this is expressed as: 153 

 154 

𝛴𝑘=1
𝐾 𝛴𝑥𝑛𝜖𝐶𝑘

||𝑥𝑛 − 𝜇𝑘||
2
       (1) 155 

 156 

 157 

Starting from an initial set of centroids, the algorithm first assigns each data point to the cluster whose 158 

centroid is nearest in terms of distance: 159 

 160 

𝐶𝐾   =  {𝑥𝑛 :  ||𝑥𝑛 − 𝜇𝑘|| ≤ 𝑎𝑙𝑙 ||𝑥𝑛 − 𝜇𝑙|| }  (2) 161 

 162 

 163 

Then, for the given clusters, the centroids are repositioned to the mean of all points belonging to each 164 

cluster: 165 

 166 

𝑢𝑘  =  
1

𝐶𝑘
𝛴𝑥𝑛𝜖𝐶𝑘

𝑥𝑛         (3) 167 

 168 

This iterative process continues until they converge, minimising the sum of squares in the clustering 169 

arrangement. We determined the optimal number of clusters (𝑘 =  5) using the silhouette coefficient 170 

(Supplementary Figure S3) (Rousseeuw, 1987). We further tested (𝑘 = 4) and (𝑘 = 6) observing that 171 

two of the five clusters identified at (𝑘 =  5) merged into a single cluster at (𝑘 = 4) while one cluster from 172 

(𝑘 =  5) split into two distinct clusters at (𝑘 = 6) (Supplementary Figs. S4 and S5). 173 

 174 

   175 

2.2.3 Horizontal thermal advection 176 
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 177 

Horizontal thermal advection was calculated using ERA5 reanalysis data at hourly resolution (see Section 178 

2.1) following the formula: 179 

 180 

−𝑣. 𝛻𝑝𝑇 =  − (𝑢 (
𝛿𝑇

𝛿𝑥
)

𝑝
+ 𝑣 (

𝛿𝑇

𝛿𝑦
)

𝑝
)   (4) 181 

 182 

Where 𝛻𝑝 denotes the horizontal gradient on a constant pressure surface, 𝑢 and 𝑣 represent the zonal 183 

and meridional components of wind and 𝑇 represents air temperature. 184 

 185 

Temperature gradients are calculated using centred finite differences on the native grid, with grid spacing 186 

in units derived from spherical geometry assuming an Earth radius of 6371km. The results were 187 

converted to units of K day-1. To minimise the influence of orographic effects, the analysis was performed 188 

on a constant pressure level of 300 hPa. 189 

 190 

3 Results  191 

 192 

3.1 Spatial patterns of extreme high temperature events 193 

 194 

The composite 2-m temperature anomalies for high temperature extremes show spatially coherent 195 

positive temperature anomalies across the AP (Figure 1a), with typical magnitudes exceeding 4 K. Figure 196 

1b shows the extreme events identified based on the 95th percentile of AP average 2-m temperature 197 

coincide with local temperature anomalies above the 95th percentile on average at least 50% of the time 198 

at most locations. Coherence is strongest across the central and southern AP, with somewhat weaker 199 

correspondence toward the northern tip. The presence, on average, of high temperature anomalies 200 

across the entire AP in the set of extreme events confirms they are typically large-scale events that are 201 

likely to have a primary origin from synoptic scale atmospheric circulation drivers. 202 

 203 

 204 

https://doi.org/10.5194/egusphere-2026-1179
Preprint. Discussion started: 6 March 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 205 

 206 

Figure 1: (a) Composite daily mean 2m temperature anomalies over the Antarctic Peninsula on 207 

summer days where the temperature exceeds the 95th percentile. (b) Percentage of extreme 208 

events (see Methods) from (a) during which the local 2m temperature exceeds the local 95th 209 

percentile threshold at least once. 210 

 211 

3.2 Circulation clusters for high temperature events 212 

 213 

To motivate the applicability of k-means clustering to distinguish circulation patterns associated with 214 

extreme high temperature events over the AP, we first review three well-documented case studies. Figure 215 

2a–c shows daily 2-m temperature anomalies for: 6-11th February 2020 - the record breaking heatwave 216 

over AP triggered by deep convection in the central tropical Pacific (González-Herrero et al., 2022; Clem 217 

et al., 2022); 31st December 1988; and 25th January 1985 - corresponding to extreme warm days 218 

recorded at the Faraday/Vernadsky station on the west of the Peninsula (Turner et. al., 2020). The 219 

temperature anomalies during the three events exhibit pronounced spatial heterogeneity and duration. 220 

Coincident with the February 2020 event (Fig. 2a), positive anomalies exceeding +5 K were observed 221 

across Southwest and West Antarctica (WA), whereas over Dronning Maud Land (DML) and East 222 

Antarctica (EA) temperatures remained near climatology. The AP warming coincided with an anomalous 223 

ridge positioned to the west of the AP and associated westerly wind anomalies of approximately 3 m s⁻¹ 224 

(Fig. 2d). In contrast, the extreme warm event in December 1988 (Fig. 2b) was more confined to the AP, 225 

with coincident negative temperature anomalies across central and EA and weaker warm anomalies over 226 

Queen Mary Land and the Ross Ice Shelf. This event is characterised by a dipole MSLP anomaly 227 

straddling the AP, with a ridge extending along its axis and anomalous northwesterly flow exceeding 228 

5 m s⁻¹. The January 1985 event (Fig. 2c) coincided with widespread positive temperature anomalies that 229 

extended across EA. The corresponding MSLP and near-surface wind anomalies (Fig. 2f) resemble those 230 

of the December 1988 event, although the high-pressure centre is displaced closer to the AP and shifted 231 
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westward. The contrasting spatial footprints and circulation anomalies associated with these events serve 232 

to highlight the diversity of regional circulation patterns driving extreme high temperatures on the AP and 233 

their related anomalies across the continent. 234 

 235 

 236 

 237 

Figure 2: Three extreme warm summer events recorded across AP. (a, d) 6th-11th February 2020, 238 

(b, e) 31st December 1988, (c, f) 25th January 1985. (a-c) Shading: daily near-surface temperature 239 

anomalies; contours: MSLP anomalies (interval 2 hPa, solid = positive, dashed = negative). (d-f) 240 

Shading: 500 hPa geopotential height anomalies; vectors:  near-surface winds [domain 280°E - 241 

320°E, 60°S - 90°S]. 242 

 243 

The MSLP anomalies associated with the five k-means cluster centroids are presented in Figure 3a. 244 

Cluster 1 is characterised by a high pressure anomaly centred over the Drake Passage and a low 245 

pressure anomaly centred between the Amundsen Sea and Ross Sea, with peaks in the mean power 246 

spectrum at zonal wavenumbers 1 and 3. (Fig. 3ai, Fig. 3b). Cluster 2 exhibits a dipole structure 247 

straddling the AP, consistent with a zonal wavenumber-2 pattern (Fig. 3aii). Cluster 3 features a broad 248 
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low pressure anomaly centred over the Amundsen Sea with negative anomalies extending over 249 

continental WA, with a peak in the mean power spectrum at zonal wavenumber 1 (Fig. 3aiii, Fig. 3b). 250 

Cluster 4 shows a peak in the mean power spectrum at zonal wavenumber 2 and is associated with high 251 

pressure across WA and the eastern Bellingshausen Sea and a pronounced anticyclone centred 252 

northeast of the AP (Fig. 3aiv, Fig. 3b). Cluster 5 displays a zonal wavenumber 3 pattern including a 253 

dipole flanking the AP (Fig. 3av).  254 

 255 

 256 

 257 

Figure 3: (a) Centroids (in hPa) for the 5 clusters shown across the hemisphere over which they 258 

were defined [50°S - 90°S, 180°E - 360°E]. (b) Composite average zonal wavenumber power 259 

spectrum for each cluster. Shading represents 土1 standard error of the mean. 260 

 261 

 262 

https://doi.org/10.5194/egusphere-2026-1179
Preprint. Discussion started: 6 March 2026
c© Author(s) 2026. CC BY 4.0 License.



10 

3.3 Temporal behaviour of high temperature events by cluster 263 

 264 

 265 

 266 

Figure 4: (a) Histogram showing the duration of each extreme event separated by each k-means 267 

cluster. (b) Histogram showing the area-weighted mean 2-m temperature anomaly over the 268 

Antarctic Peninsula across all the days of the extreme high temperature events. 269 

 270 

Figure 4 summarises the differences between clusters in terms of event duration and the associated AP 271 

temperature anomalies, with the accompanying statistics presented in Table 1. Clear distinctions emerge 272 

in both the persistence and intensity of extreme high temperature events between the clusters. Cluster 1 273 

comprises the longest and most intense events with durations ranging from 1 to 7 days and the largest 274 

mean AP temperature anomaly. In contrast, Clusters 2–4 represent intermediate-duration events with 275 

weaker mean anomalies compared to those from Cluster 1. Cluster 5, which contains the largest number 276 

of events, is characterised by the shortest durations and the weakest mean anomalies. 277 

 278 

 279 

 Number of events 

(Percentage of total) 

Mean length (days) Mean temperature 

anomaly (K) 

Cluster 1 11 (13%) 3.3±1.2  5.5±0.6 

Cluster 2 26 (30%) 2.6±0.8  4.6±0.2 

Cluster 3 11 (13%) 2.1±1.0  4.5±0.4 

Cluster 4 15 (17%) 2.7±0.8  4.4±0.2 
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Cluster 5 24 (28%) 1.9±0.6  4.3±0.2 

 280 

Table 1: Summary of event statistics by cluster, including event duration and associated 281 

temperature anomalies, highlighting differences in cluster characteristics. Uncertainty values 282 

represent 95% confidence range. 283 

 284 

Figure 5a shows the temporal evolution of AP-mean temperature anomalies during extreme high 285 

temperature events for each cluster, with the corresponding temperature growth rates, calculated using 286 

centred finite differences, shown in Fig. 5b. Temperature anomalies remain below 2 K for all clusters until 287 

two days prior to onset. At this point, Clusters 3–5 exhibit steadily increasing anomalies, reaching peaks 288 

of approximately 4.0–4.5 K at day 0. By contrast, Cluster 1 shows weaker anomalies during days −2 to 289 

−1, followed by a rapid intensification in the final day before onset, with growth rates approaching ~2 K 290 

day⁻¹ and peak anomalies near 5 K. Cluster 2 also exhibits rapid pre-onset growth but attains a slightly 291 

lower peak (~4.3 K), representing, on average, a fast-developing yet more moderate extreme event. 292 

 293 

 294 

 295 

Figure 5: (a) Mean temperature anomaly across the Antarctic Peninsula for the events in each 296 

cluster between days -5 and +3. (b) As in (a) but for average temperature growth rate (dT/dt). 297 
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Shading represents 土1 standard error of the mean. (c) Fraction of events in each cluster whose 298 

circulation patterns are assigned to all clusters as a function of lag. Percentages shown in the 299 

bars give the proportion of days classified to each cluster. Bars are ordered by decreasing 300 

fraction. 301 

Figure 5c shows the fraction of events assigned to each cluster at day 0 that are assigned to all clusters 302 

at different lead and lag times. By construction, 100% of events are assigned to their respective clusters 303 

at day 0. Only 55% of Cluster 1 events are assigned to the same cluster at day −5, indicating substantial 304 

variability in circulation in the lead-up to the extreme event. Cluster coherence on day −5 is lower for 305 

Clusters 2 (28%) and 3 (27%), but higher for Cluster 4 (53%). Cluster 3 exhibits higher coherence at day 306 

−3 (78%), although this fraction declines at days −2 and −1, suggesting that the circulation patterns 307 

associated with many events are located between centroids prior to onset. Similar temporal evolution is 308 

observed for Clusters 1, 4, and 5 in the days preceding onset, with Cluster 5 showing the highest 309 

persistence, as 70% of events retain their cluster assignment at day −3. Together, these results indicate 310 

that some clusters represent relatively stable, long-lived large-scale circulation anomalies (e.g., Cluster 311 

5), whereas others are characterised by rapidly evolving or transitional synoptic conditions leading up to 312 

extreme high temperature events. 313 

To further explore this temporal evolution, Figure 6 shows composites of MSLP and 2-m temperature 314 

anomalies for the days preceding, during and following the onset of the extreme high temperature events 315 

for each cluster. The composite MSLP anomalies closely resemble the respective centroids, reinforcing 316 

the robustness of the k-means classification. The associated temperature anomaly patterns display 317 

substantial differences in spatio-temporal structure between the clusters. 318 

 319 

 320 
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 321 

Figure 6: Time-averaged lagged composites of events in each cluster for (a-e) days -5 to -3; (f-j) 322 

days –2 to 0 and (k-o) days 1 to 3. Day 0 = first day of the extreme event. Shading: near-surface 323 

temperature anomalies; contours: MSLP anomalies (interval 2 hPa, solid = positive, dashed = 324 

negative). Non-significant anomalies (p > 0.05) are not plotted. 325 

Fig. 6a-e shows composite anomalies over days −5 to −3 prior to the onset of extreme warm conditions 326 

across AP. In Cluster 1, the warming over WA evident at event onset is already established, though warm 327 

anomalies are absent from AP (Fig. 6a). During Cluster 2 events, anomalies remain close to 328 

climatological values over days -5 to -3 prior to onset (Fig. 6b). For Cluster 3, there is warming evident in 329 

the Bellingshausen Sea and cooling across the Weddell Sea evident in the lead-up period (Fig. 6c). In 330 

Cluster 4, there is continental wide warm anomalies with the exception of parts of WA prior to the onset of 331 

extreme high temperatures on the AP (Fig. 6d). Temperature anomalies associated with Cluster 5 are 332 

broadly close to climatological values prior to the onset of extreme high temperatures on the AP (Fig. 6e). 333 

During the event onset phase (days -2 to 0), Cluster 1 exhibits widespread warm anomalies across the 334 

AP, extending into WA and across the Ross Ice Shelf, while cold anomalies are present over Dronning 335 

Maud Land (Fig. 6f). Following the event onset (days 1-3), the warm temperature anomalies extend 336 

further across to East Antarctica (Fig. 6k) while the cold anomalies near the Dronning Maud Land return 337 

towards climatology. Cluster 2 is characterised by warming over the AP and the Bellingshausen Sea, 338 

accompanied by cooling at the South Pole and across coastal East Antarctica including Dronning Maud 339 
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Land (Fig. 6g). The warm anomalies expand into the Ross Ice Shelf area in the period after event onset, 340 

with areas of EA characterised by an intensification of their cold anomalies (Fig. 6l). In Cluster 3, the 341 

warm anomalies are largely restricted to the AP and WA, while cooling is observed over Wilkes Land (Fig. 342 

6h). After the event onset, warming is largely confined to the same region whilst the cold anomalies found 343 

over Wilkes Land return towards climatology (Fig. 6m). Cluster 4 exhibits extensive warm anomalies 344 

spanning most of the Antarctic continent (Fig. 5i), which persist in the days following event onset (Fig. 345 

6n). Cluster 5 shows warming over the AP, Weddell Sea and Bellingshausen Sea and cooling over much 346 

of EA (Fig. 6j). Following the event, the warm anomalies grow across WA whilst cold anomalies persist 347 

over much of EA (Fig. 6o). 348 

Figure 7 shows composite 500 hPa geopotential height anomalies and 10-m wind anomalies over the AP 349 

for days −5 to −3, −2 to 0, and 1 to 3 relative to the onset of high AP temperature events. Across all 350 

clusters, there are positive mid-tropospheric height anomalies over or near the AP, indicating the 351 

presence of an anomalous ridge, although the amplitude and position of the ridge varies between 352 

clusters. 353 

 354 

Figure 7: As in Figure 6, but for 500 hPa geopotential height anomalies (shading) and near-surface 355 

wind speed anomalies (vectors) for the sector 280°E - 320°E, 60°S - 90°S. Non-significant 356 

anomalies (p > 0.05) are not plotted. 357 

 358 

During the preconditioning phase (days −5 to −3), an anomalous ridge is established close to the AP, with 359 

the high pressure centre located to the west and migrating eastward toward the AP by the onset phase 360 
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(days −2 to 0). An exception occurs in Clusters 4 and 5, where the high pressure centre is positioned to 361 

the east of the AP during preconditioning, placing the AP beneath the western flank of the ridge. 10-m 362 

wind anomalies exhibit substantial inter-cluster differences in both magnitude and direction. Cluster 1 is 363 

characterised by strong (∼5 m s⁻¹) and statistically significant northerly anomalies across the 364 

Bellingshausen Sea, Weddell Sea, and northern AP during event onset (Fig. 7l). These anomalies are 365 

approximately twice the magnitude of the climatological winds in this region, consistent with enhanced 366 

meridional warm-air advection. The wind anomalies weaken in the days following onset, while the ridge 367 

remains quasi-stationary. Clusters 3 and 4 also exhibit significant northerly anomalies of comparable 368 

magnitude, centred primarily over the Bellingshausen Sea (Cluster 3) and the Weddell Sea (Cluster 4) 369 

(Fig. 7h,m). Following onset, northerly anomalies in Cluster 4 intensify and expand to encompass much of 370 

the AP, whereas in Cluster 3 the ridge weakens and northerly anomalies largely dissipate. In contrast, 371 

Cluster 2 displays anomalous southerly near-surface winds offshore to the east of the AP (Weddell Sea) 372 

during event onset (Fig. 7c), and the associated ridge migrates northward away from the AP in the post-373 

onset period. Cluster 5 exhibits relatively weak and spatially limited northerly anomalies at event onset 374 

(Fig. 7d), but strong northerly anomalies during the preconditioning phase (Fig. 7g), indicating a different 375 

temporal phasing between circulation anomalies and peak warming. These patterns suggest that while 376 

elevated mid-tropospheric geopotential heights are a common precursor to extreme warm events, 377 

differences in the strength, location, and timing of low-level meridional flow likely modulate the magnitude 378 

and spatial footprint of surface warming through thermal advection and interactions with AP topography 379 

that favour föhn-like warming in some regions. 380 

3.4 Role of thermal advection for high temperature events 381 

Figure 8 quantifies the anomalous upper tropospheric horizontal thermal advection associated with 382 

extreme high AP temperature events for each cluster. In the days immediately preceding event onset, all 383 

clusters exhibit pronounced positive horizontal thermal advection to the west of the AP, locally exceeding 384 

4 K day⁻¹ (Fig. 8f–j). These strong warming tendencies represent a marked intensification from the 385 

preconditioning period, during which comparable advection magnitudes occur only in Cluster 3, across 386 

the Bellingshausen Sea and centred near ~50°S west of South America (Fig. 8c). Although all clusters 387 

show anomalous warming tendencies in the region of the AP, as anticipated, their spatial structures differ. 388 

Cluster 5 displays weaker and more geographically confined warming, with anomalies of ~3 K day⁻¹ 389 

largely restricted to the AP region. In contrast, Clusters 1–4 exhibit broader horizontal advection patterns 390 

extending from further west across the Bellingshausen Sea. Across all clusters, anomalous negative 391 

meridional advection (cooling) occurs over the Weddell Sea, consistent with anomalous southerly flow in 392 

that region. 393 

 394 
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 395 

Figure 8: As in Figure 6, but for anomalies in 300 hPa horizontal thermal advection (shading) and 396 

wind speed (vectors) for the sector 105oW - 45oW , 45oS - 80oS. 397 

Following event onset (Fig. 8k–o), more pronounced cluster-dependent behaviour emerges. Cluster 2 398 

shows widespread positive advection across much of the AP, whereas Clusters 1 and 4 continue to be 399 

dominated by warming originating from the lower-latitude Bellingshausen Sea. In Cluster 3, the advection 400 

signal weakens across the Bellingshausen Sea region substantially after onset whilst showing warming in 401 

the Weddell Sea and north of AP; this is also seen in Cluster 5.  402 

A decomposition of the anomalous upper tropospheric thermal advection for all high temperature events 403 

reveals that the meridional component is dominant and this is largely explained by anomalous meridional 404 

wind anomalies (Fig. S6). In the zonal component, zonal wind anomalies contribute more than variations 405 

in the zonal temperature gradient. These results indicate that anomalous warming during extreme events 406 

is driven primarily by changes in flow strength and direction, rather than by modulation of the background 407 

temperature gradients. 408 

Together, these results provide further evidence that enhanced poleward heat transport via anomalous 409 

meridional flow is a fundamental mechanism underpinning extreme warm events across all clusters, while 410 

differences in the location, magnitude, and persistence of this advection help put into context the 411 

contrasting growth rates, spatial footprints, and lifetimes of temperature anomalies. 412 

4 Discussion 413 

 414 
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González et al. (2018) identified five recurrent synoptic-scale circulation patterns over the Drake Passage 415 

and AP region using a similar method applied over the full annual cycle. These included patterns 416 

characterised by low pressure in the Weddell Sea, Amundsen–Bellingshausen Seas, and Drake 417 

Passage, as well as zonal flow and a ridge over the AP. Our results suggest that extreme high AP 418 

temperatures in austral summer are associated with a subset of the broad circulation regimes identified 419 

by González et al. (2018), particularly those featuring ridging over or immediately upstream of the AP. To 420 

draw further comparison, they find that a cluster featuring a low over the Drake Passage is the most 421 

frequent pattern during austral summer, followed by a more zonally oriented flow, which qualitatively 422 

agrees with our findings where Cluster 5 is the most abundant cluster, albeit with its low centre of action 423 

located further north. Furthermore, we identify circulation patterns specifically associated with extreme 424 

high AP temperature events that were not separated in González et al. (2018); for example conditioning 425 

on temperature extremes can reveal additional nuances in the patterns of synoptic scale flow during 426 

extreme events such as between clusters 2 and 4, which might otherwise be grouped into a single broad 427 

cluster. In this sense, the present study extends González et al. (2018) by demonstrating how specific 428 

synoptic patterns are selectively associated with temperature extremes, and by documenting the distinct 429 

dynamical signatures associated with each extreme-favouring regime. 430 

 431 

The hemispheric-scale atmospheric circulation anomalies show signatures consistent with zonal 432 

wavenumber-3 and wavenumber-2 patterns, demonstrated in cluster 1 and clusters 2 and 4, respectively, 433 

indicating a hemispheric-scale connection through planetary-scale Rossby wave trains between the 434 

tropics, midlatitudes and polar regions (e.g., Ding and Steig 2013; Boschat et al., 2023; Goyal et al., 435 

2021). Such wave trains are frequently initiated by anomalous tropical convection associated with ENSO 436 

and the MJO (e.g. Lee and Seo, 2019; Schneider et al., 2012), and can promote persistent blocking highs 437 

over the South Pacific and Drake Passage that favour warm air advection toward the AP (Rondanelli et 438 

al., 2019; Clem et al., 2022). Nevertheless, there is evidence to suggest that there is a spatial 439 

dependency regarding the impacts of the different modes of climate variability on regions of the AP (e.g. 440 

Clem and Fogt., 2013; Clem et al., 2016). Our results suggest a role for planetary scale modes in driving 441 

high AP temperature events. In particular, Cluster 4 exhibits a more persistent and extensive high-442 

pressure anomaly over Antarctica in the lead-up to the onset of extreme warm temperatures across AP, 443 

suggestive of a negative SAM-like state, which is known to weaken the circumpolar westerlies and shift 444 

the storm track equatorward, thereby promoting warm air intrusions into the AP (Turner et al., 2013; 445 

Raphael et al., 2016). This is consistent with well established evidence that variations in SAM strongly 446 

modulate AP temperature extremes (Fogt et al., 2012; Clem et al., 2016; Turner et al., 2020). 447 

 448 

The spatial footprint of warming differs markedly between clusters, with some exhibiting continent-wide 449 

warming while others show warming largely confined to West Antarctica or the AP alone. This behaviour 450 

mirrors continental-scale analyses showing that West Antarctic temperature extremes tend to be spatially 451 
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confined and closely linked to meridional flow anomalies, whereas East Antarctic temperature extremes 452 

are often associated with inland high-pressure systems and katabatic wind enhancement (Nielsen et al., 453 

2025). The present results support this evidence and suggest that the AP occupies a dynamical regime in 454 

which both large-scale advection and local topographic effects strongly influence extreme temperature 455 

expression. 456 

 457 

Our results have shown that large-scale thermal advection plays a key role in driving high temperature 458 

events on the AP. Station-based analyses indicate that the majority of record local temperature extremes 459 

on the AP occur following flow across steep orography, consistent with an important contribution from 460 

föhn warming (Turner et al., 2020). In addition, the presence of high pressure and near-surface wind 461 

anomalies extending for several days over the AP, particularly in Clusters 1 and 5, supports a mechanism 462 

whereby anomalous anticyclonic flow drives warm, dry northwesterly winds onto the upwind side of the 463 

AP, producing föhn-like conditions on the leeward side. ERA5 does not fully resolve the dynamics of föhn 464 

flow due to its coarse spatial resolution, however, the presence of northwesterly low-level wind anomalies 465 

in several clusters suggests there would be a central role of föhn processes in the high AP temperature 466 

events identified as found in various studies (Elvidge et al., 2014; Laffin et al. 2021; Turton et al., 2018). 467 

These dynamics are well-established contributors to surface melt and firn air depletion on the AP (e.g. 468 

Cape et al., 2015; Zou et al., 2023; Kirchgaessner et al., 2021), and have been implicated in major melt 469 

events over ice shelves such as Larsen C (Elvidge et al., 2014). Case study events pertaining to each 470 

cluster, using observations and high-resolution modelling tools such as dynamically downscaled regional 471 

climate model outputs, should be looked at in future to help understand the relative role of local-scale 472 

(föhn wind) from background forcing due to large-scale drivers.  473 

 474 

5 Conclusions 475 

 476 

This study has identified five distinct circulation patterns associated with extreme high summer 477 

temperatures across AP in austral summer using k-means clustering applied to daily MSLP on days when 478 

the 2-m AP averaged temperature exceeds the 95th percentile. The resulting clusters exhibit substantial 479 

diversity in the patterns of continental 2-m temperature, 10-m wind, and mid-tropospheric geopotential 480 

height anomalies, demonstrating that high temperature extremes on the AP are driven by a range of 481 

synoptic circulation states. While Cluster 4 shows continent-wide warming, Clusters 1 and 3 show 482 

warming confined to WA. The warming in Cluster 2 and 5 is more confined to the AP with coincident 483 

cooling across parts of EA. Unsurprisingly, all clusters are associated with a ridge over the northern AP, 484 

though the magnitude, orientation and persistence of this feature varies significantly.  485 

 486 

The classification of dynamical patterns associated with similar high AP summer temperatures extends 487 

prior work on circulation patterns throughout the seasonal cycle (Gonzalez et al., 2018) and continental 488 
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trends and extremes (Turner et al., 2020; Nielsen et al., 2025) and reveals that extreme high AP 489 

temperatures arise not from a single canonical pattern, but from a range of distinct synoptic states. Future 490 

work could examine the connection of these states to remote large-scale drivers such as tropical and 491 

subtropical convection (e.g., Turner et al., 2016; Pezza et al. 2012), the SAM and the stratospheric polar 492 

vortex (e.g., Lim et al., 2018), as well as assess their representation in climate models in order to better 493 

understand their predictability across future timescales.  494 

 495 

While this study has applied k-means clustering to circulation fields in order to focus on the role of 496 

atmospheric dynamics, it may be interesting in the future to include other information in the clustering 497 

related to thermodynamic preconditioning and radiative effects, which have been shown to contribute to 498 

extreme melt and temperature events (e.g. Gorodetskaya et al., 2023; Wille et al., 2022), and to quantify 499 

thermal tendencies from adiabatic descent, turbulent mixing, and cloud-radiative effects. 500 

 501 
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