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8 Abstract. The Amundsen Sea Low (ASL) is a regional atmospheric circulation feature that significantly influences the

9 climate of West Antarctica through its impact on the meridional wind field. An observed deepening of the ASL over the
10 satellite era has raised concerns about the possibility of more extreme ASL conditions through the end of the twenty-first
11 century. Here we use ERAS reanalysis and passive microwave satellite observations to examine the impact of extreme ASL
12 events on West Antarctica during the period 1979-2025. In total, we identify 13 extremely strong and 8 extremely weak
13 events that vary geographically based on magnitude. Strong events tend to be concentrated poleward and centered in the
14 vicinity of the Amundsen Sea while weak events are found farther north and display large zonal spatial heterogeneity.
15 Composite maps of surface anomalies suggest that the location of extreme events serve to explain a regional dipole in
16 surface temperatures and sea ice concentration, both of which are co-located with anomalous wind velocities modulated by
17 ASL strength. Given the link between the regional ASL and additional large-scale modes of atmospheric variability in the
18 Southern Hemisphere, we also investigate extreme ASL events in relation to the Southern Annular Mode, El Nifio Southern
19 Oscillation, and Zonal Wave 3. We find that nearly all extremely strong events occur when the three modes of variability are
20 positively in-phase; there is less agreement during extremely weak ASL events. We assess future ASL variability and
21 extremes using CESM2 model output under middle- and high-emission scenarios. Future projections indicate a higher
22 proportion of extremely strong ASL events relative to weak events through the end of the 21st century, suggesting an

23 increased likelihood of more extreme meridional conditions across West Antarctica in the near future.

24 1 Introduction

25 The ASL is a climatological area of low pressure located in the Pacific Sector of the Southern Ocean (SO) between the
26 Antarctic Peninsula (AP) and the Ross Sea (62°W-170°E) (Fogt et al. 2012; Hosking et al. 2013; Raphael et al. 2016). It is
27 the deepest of three low-pressure centers surrounding Antarctica and results from the interaction between the westerly winds

28 and the continent’s complex topography (Baines and Fraedrich 1989; Goyal et al. 2021; Raphael 2004; Raphael et al. 2016).
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29 Given the forcing of atmospheric circulation that results from this interaction, a large number of high-latitude synoptic

30 systems are steered towards the region of the ASL, thereby contributing to its underlying variability at various timescales

31 through their density and intensity (Fogt et al. 2012).

32 As a meridional circulation feature, the ASL controls north-south flow across West Antarctica and influences

33 climate variables such as surface temperature and sea ice concentration (SIC). A thermodynamic response is observed when
34 the feature's cyclonic rotation advects cold continental air equatorward over the Ross Sea and relatively warm marine air

35 poleward toward the AP and Bellingshausen Sea (hereinafter referred to as AP/BS). Northerly (southerly) winds along the
36 eastern (western) flank of the ASL can also dynamically compact (extend) sea ice toward (away from) the continental

37 coastline (Dalaiden et al. 2021; Holland and Kwok 2012; Raphael et al. 2016). Indeed, previous work by Holland and Kwok
38 (2012) has highlighted the prominent role of surface winds in driving sea ice trends in the ASL region. Stammerjohn et al.
39 (2008) have also suggested a link between ASL-driven winds and regional asymmetries in sea ice, namely reductions in the
40 Bellingshausen Sea and growth in the Ross Sea.

41 The geographic location of the ASL center is significant since variations in its position determine the placement of
42 meridional winds, which facilitate the exchange of heat and momentum between middle and high southern latitudes (Fogt et
43 al. 2012; Hosking et al. 2013). On a seasonal timescale, the ASL exhibits a zonal progression to the east in austral summer
44 (December-January-February, DJF) and west in winter (June-July-August, JJA). Meridionally, the ASL is located farther

45 north than average in DJF and farther south in JJA (Fogt et al. 2012; Hosking et al. 2013; Raphael et al. 2016; Turner et al.
46 2013). Previous research has also documented a poleward shift in austral spring (September-October-November, SON) when
47 the ASL is at its greatest intensity, or magnitude (Hosking et al. 2013).

48 ASL magnitude is an additional factor contributing to the feature’s impact on West Antarctic climate variability. A
49 stronger (i.e. deeper) ASL is generally associated with stronger cyclonic rotation, which enhance meridional wind anomalies
50 and intensify the advection of temperate air over the region. When the ASL is weaker (i.e. shallower), anticyclonic wind

51 anomalies can weaken meridional exchanges, thus producing less pronounced effects on the region’s surface climate.

52 In recent years, shifts in the magnitude of the ASL have been linked to large-scale modes of atmospheric variability
53 (MOVs) such as the Southern Annular Mode (SAM), El Nifio Southern Oscillation (ENSO), and Zonal Wave 3 (ZW3)

54 (Clem et al. 2017; Raphael 2004, 2007; Turner et al. 2013). SAM is the principal mode of SH atmospheric variability and

55 describes the zonally-symmetric pressure gradient between middle and high latitudes (Marshall 2003). During the positive
56 (negative) phase of SAM, negative (positive) pressure anomalies set over Antarctica and the ASL deepens (weakens) in

57 response. Although it is often described as an annular phenomenon, SAM consists of a non-annular component influenced by
58 a ZW3 pattern, which consists of three opposite-sign pressure couplets that enhance meridional flow into Antarctica,

59 specifically in the Amundsen Sea sector (Campitelli et al. 2021; Schroeter et al. 2023). A number of studies have emphasized
60 the particularly strong sea ice response to ZW3 in the ASL region (Eabry et al. 2024; Goyal et al. 2022; Raphael 2007).

61 Tropical teleconnections have also been shown to play a role in ASL variability (Turner 2004; Wang et al. 2023;

62 Yuan 2004). During ENSO’s cold (warm) phase, heating discrepancies across the tropical Pacific lead to convective

2
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63 anomalies that increase ascent and alter upper-level divergence. This induces Rossby waves that propagate poleward in the
64 southeastern direction and promote negative (positive) pressure anomalies over the ASL region, effectively deepening

65 (weakening) the ASL. Prior studies maintain that the ENSO influence on the ASL is only significant when it occurs in-phase
66 with SAM, likely because of the convergence of transient eddy momentum fluxes which reinforce circulation anomalies of
67 the same sign (Fogt et al. 2011; Stammerjohn et al. 2008; Wang et al. 2023). It is therefore possible that the operation of
68 numerous in-phase MOVs can reinforce pressure anomalies and intensify the magnitude of the ASL on monthly timescales
69 and longer.

70 A recent deepening of the ASL has raised concerns about the possibility of a transition to more meridional

71 conditions across West Antarctica, which could potentially amplify baseline warming and significantly alter the surface

72 climate of the region. This study therefore examines the large-scale atmospheric context of extreme ASL events as well as
73 their influence on the surface conditions of West Antarctica for the period 1979-2025. Additionally, we conduct a

74 preliminary analysis of projected extreme ASL events under middle- and high-emission scenarios using output from the

75 Community Earth System Model version 2 (CESM2). The latter work, although limited, allows us to gauge potential

76 changes in the frequency and persistence of extreme ASL events through the end of the 21st century. Data and methods are

77 outlined in Sect. 2 and results are included in Sect. 3. A brief discussion and conclusion are presented in Sect. 4.

78 2 Data and Methods
79 2.1 Identifying extreme ASL events

80 We use Hosking’s ASL climate index (Hosking et al. 2016) to obtain the date, location, and magnitude of monthly ASLs

81 from January 1979 to December 2025. Indices are calculated from a minima-finding algorithm, which uses monthly data

82 from the European Center for Medium-Range Weather Forecast (ECMWF) Reanalysis version 5 (ERAS) (Hersbach et al.

83 2020) to find the geographic location of the local pressure minima across the ASL region (60°-80°S, 62°W-170°E). ASL

84 magnitude can be evaluated using two index parameters: actual central pressure (ACP) and relative central pressure (RCP).
85 ACP is defined as the pressure at the location of the ASL while RCP is the regional anomaly that results by subtracting ACP
86 from the area-averaged pressure over the ASL region. In this study, the magnitude of the ASL is measured using ACP to

87 acknowledge and further analyze the influence of additional SH modes of atmospheric variability on the climatological ASL.
88 We identify instances in which the ASL is extremely strong or weak by first standardizing monthly ACP values to
89 z-scores. Extreme ASL events are then defined as those months with ACP values two standard deviations (SDs) above (i.e.
90 extremely weak) or below (i.e. extremely strong) a climatological, or fixed, mean. A fixed mean for the period 1979-2010 is
91 implemented to account for the observed deepening of the ASL over the satellite era, which reflects a non-stationary polar

92 climate.
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93 2.2 Parameterizing West Antarctic climate

94 Mean sea-level pressure (MSLP), 2-meter air temperature (T2M), and 10-meter zonal (U) and meridional (V) winds are
95 retrieved from ERAS reanalysis. Reanalyses combine observational data with forecasting models to provide a more complete
96 picture of the global climate. Such datasets are useful when conducting analyses of remote locations like Antarctica, where
97 in-situ observations are limited and unevenly distributed.
98 SIC data are utilized to detect changes in sea ice related to the dynamic and thermodynamic forcing of surface
99 winds associated with the circulation around the center of the ASL. Monthly SIC values represent the fraction of sea ice

100 present at each 25 km x 25 km grid cell and are obtained from the National Snow and Ice Data Center (NSIDC) Climate

101 Data Record of Passive Microwave Sea Ice Concentration, version 5. Continuous sea ice records over the study period are

102 available at https://nsidc.org/data/g02202/versions/5.

103 We produce monthly climatologies to represent average climatic conditions in West Antarctica and calculate

104 anomalies during individual extreme ASL events using the climatology corresponding to the month in which the event

105 occurs. Anomalies are then composited to broadly illustrate the impact of extreme ASL events on the study region. Since our
106 work uses a single anomaly composite map to represent changes to the surface climate of West Antarctica, composite maps
107 show averaged - and not the full range of - anomalies calculated during individual extreme ASL events. Our results and
108 discussion sections therefore highlight averaged anomalies across all extreme ASL events; anomalies for individual events
109 may at times be included for context but will be explicitly described as such. Additional details on individual extreme ASL
110 events can be found in the section containing supplemental material.

111 Composite maps also include a contour indicating the position of the sea ice edge. The ice edge here is defined as
112 the area where climatological SIC values are at least 15%. Sea ice climatologies are based on the three months in which
113 extreme ASL events occur most frequently (e.g. extremely strong ASL events tend to develop in austral spring, so the ice

114 edge for strong events is calculated based on the averaged SIC climatology for SON).

115 2.3 Interactions with additional SH MOVs

116 SAM values are obtained from a station-based index that uses integers to represent the zonal pressure gradient between SH
117 middle (40°S) and high (65°S) latitudes (Marshall 2003). A positive value is associated with the positive polarity of SAM
118 (SAM+), which suggests a strengthening and poleward shift of the westerlies. Negative values represent SAM’s negative
119 phase (SAM-), in which a general weakening of the westerly winds is observed. Indices date back to 1957 and are available
120 at https://legacy.bas.ac.uk/met/gjma/sam.html.

121 ENSO phase is determined using values from the Southern Oscillation Index (SOI), which considers the pressure
122 gradient between the eastern (i.e. Tahiti) and western sides of the tropical Pacific (Darwin, Australia). Positive values

123 represent ENSO’s cold phase (i.e. La Nifia conditions) while negative values indicate the warm phase (i.e. El Niflo
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124 conditions). SOI values are available through NOAA’s National Centers for Environmental Information (NCEI):

125 https://www.cpc.ncep.noaa.gov/data/indices/soi.

126 ZW3 is a zonally-asymmetric feature of the SH atmospheric circulation that contributes to the meridional transport
127 of heat and momentum to high southern latitudes (Goyal et al. 2021, 2022; Raphael 2004, 2007). It originates due to zonal
128 asymmetries in deep convection across the tropics, which promote the propagation of a Rossby wave train into the Pacific
129 sector of the SO, and manifests as a structure with three pairs of alternating troughs and ridges (Goyal et al. 2021, 2022).
130 Past research has demonstrated the significant impact of ZW3 on the Pacific sector of the SO (Raphael and Hobbs 2014). In
131 this study, ZW3 values are calculated by extending the work of Raphael (2004) through the end of the study period. Indices
132 are an average of the normalized 500-geopotential height anomaly at three fixed spatial locations that represent the three
133 ridges comprising the ZW3 pattern. Positive ZW3 (ZW3+) values indicate stronger, more meridional conditions over the
134 study region with greater poleward energy/heat transport towards West Antarctica. Negative ZW3 (ZW3-) values represent
135 weakened meridional flow.

136 All climate indices are scaled between -1 and 1 to ensure comparability across MOVs. Using this range allows us to
137 represent each MOV using a simple positive or negative integer that indicates the MOV’s phase (i.e. integer sign) and

138 magnitude (i.e. numerical value). A normalized SAM value of 0.9, for example, suggests strong SAM+ conditions.

139 2.4 Future projections of extreme ASL events throughout the 21* century

140 In addition to our historical analysis, we conduct a preliminary forecast of future ASL extremes using the Community Earth
141 System Model version 2 (CESM2), a state-of-the-art global model that provides future simulations based on various

142 socioeconomic development strategies, or Shared Socioeconomic Pathways (SSPs). Each SSP yields different radiative

143 forcing by the end of the 21st century. In this study, we employ CESM2 given its fidelity in reproducing the basic structure
144 of certain SH MOVs, specifically SAM, the leading MOV in the SH known to strongly modulate ASL variability (Simpson
145 et al. 2020).

146 Surface atmospheric pressure conditions for the ASL region during the years 2015-2100 are calculated from a

147 three-member ensemble average of output for both middle- (SSP245) and high-emission (SSP585) climate scenarios. Each
148 scenario corresponds to a radiative forcing of 4.5 and 8.5 W m?, respectively. The position and magnitude of the ASL are
149 obtained by using the minima-finding algorithm developed by Hosking et al. (2016). Future ASL extremes are then

150 identified using the same process discussed in section 2.1 but with a fixed mean (1979-2010) calculated from the model’s

151 historical output.
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152 3 Results

153 3.1 Monthly ASL variability (1979-2025)
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154
155 Figure 1: Timeseries of ASL ACP from January 1979 to December 2025. A statistically significant negative trend (dashed

156 black line) is observed over the satellite period.

157
158 ASL magnitude demonstrates high interannual variability during the period 1979-2025 (Fig. 1). Monthly ACP values range

159 from 958.79 - 992.94 hPa and exhibit a statistically significant negative trend (r=-0.16, p<0.05, black dashed line),

160 suggesting a deepening of the ASL over the satellite era. These results are consistent with previous findings that have used
161 both observations and reconstructions to show a strengthening of the ASL in the latter half of the twentieth century (Dalaiden
162 etal. 2021; Raphael et al. 2016; Turner et al. 2013). A deeper ASL is believed to be the product of a stronger SAM+ since
163 SAM+ conditions promote lower pressure over Antarctica (Clem and Fogt. 2013). In the near future, the deepening ASL

164 trend confirmed here is projected to continue as both the regional ASL and large-scale SH MOVs respond to changes in

165 stratospheric ozone and greenhouse gas (GHG) concentrations (Arblaster and Meehl 2006; Raphael et al. 2016).

166 3.2 Extreme ASL events

167 Among 564 monthly ASLs, we identify 13 extremely strong (blue) and 8 extremely weak (red) ASL events that exceed the
168 fixed mean (976.5 hPa) by two SDs (Fig. 2). The dates and ACP values of extremely strong and weak ASL events can be
169 found in Tables 1 and 2, respectively.

170
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171 Figure 2: Scatterplot of monthly ASLs between 1979-2025. Thirteen extremely strong (blue) and eight extremely weak (red)

172 ASL events were identified based on ACP, or the pressure value at the central location of the ASL.

Extremely Strong ASL Events

173

Date ACP (hPa)

01 October 1980 964.01
01 October 1983 961.24
01 May 1996 963.39
01 August 1998 960.77
01 October 1999 961.71
01 September 2008 958.79
01 October 2010 962.11
01 September 2016 959.23
01 September 2021 962.24
01 October 2021 959.43
01 August 2022 963.97
01 September 2022 963.97
01 November 2022 964.19

174 Table 1: The date and magnitude of 13 extremely strong ASL events identified during the period 1979-2025.
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175
Extremely Weak ASL Events
Date ACP (hPa)
01 December 1991 991.42
01 June 1992 990.38
01 January 1993 991.85
01 June 1994 992.94
01 July 1995 988.79
01 December 1997 988.68
01 December 2003 989.32
01 July 2007 990.73
176

177 Table 2: The date and magnitude of 8 extremely weak ASL events identified during the period 1979-2025.

178

179 Table 1 shows that a majority of extremely strong events (9 of 13) occur in September and October. Our results

180 align with previous research that has found the ASL to be deepest in austral spring (Fogt et al. 2012). Specifically, the

181 prevalence of extremely strong ASL events in the month of October (5/13) is in close agreement with the findings of Turner
182 et al. (2013), whose investigation of the ASL during the years 1979-2008 found monthly ASL pressure values to be lowest in
183 October. Across all extremely strong ASL events, the event with the deepest central pressure (958.79 hPa) is recorded in

184 September 2008. Remaining strong events occur in May (1), August (2), and November (1).

185 In contrast to strong events, extremely weak ASL events are identified in the months of December (3), January (1),
186 June (2), and July (2) (Table 2). This aligns with prior work, which found ASL pressure maxima in summer and winter (Fogt
187 et al. 2012; Turner et al. 2013). Across all weak ASL events, ACP values above 988.68 hPa indicate shallow centers.

188 3.3 Temporal variability of extreme ASL events

189 Extremely strong ASL events are well distributed from a temporal perspective. They occur between October 1980 and

190 November 2022. Particularly strong ASL events like the series of three recorded in late 2022 have previously been

191 associated with SAM+ conditions (Lin et al. 2023). This link will be addressed at length in the following section that

192 explores ASL variability in relation to additional SH MOV such as SAM, ENSO, and ZW3 (Sect. 3.4).

193 Extremely weak ASL events, on the other hand, are temporally limited and occur strictly between the years

194 1991-2007. The weakest ASL event (992.94 hPa) was recorded in June 1994. Research by Holland et al. (2022) points to a
195 period of significant anticyclonic wind anomalies across the West Antarctic Ice sheet (WAIS) during the 1990s, which aligns

196 with the presence of extremely weak ASL conditions over the study region identified by our work. Since then, however,
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197 observed decreases in pressure over high southern latitudes have strengthened the ASL, and there has been no weak ASL

198 event detected by this study in nearly twenty (20) years.

199 3.4 Spatial variability of extreme ASL events

200 The spatial distribution of extreme ASL events is shown in Fig. 3. Most prominent is the concentration of extremely strong
201 ASL events (blue) in the vicinity of the Amundsen Sea. Here, strong ASL centers are found between 90.75-156.5°W.

202 Meridionally, extremely strong ASL events tend to have centers located farther south and closer to the continental coastline.
203 Our results are in close agreement with past work that noted a southward displacement of the ASL when the feature was at
204 its greatest intensity (Fogt et al. 2012). Although strong events reach as far north as 69.5°S, their average latitude of

205 occurrence is 71.05°S and reflects the inclusion of an anomalously strong ASL center along the coast of Marie Byrd Land (at
206 74.5°S). Results presented here therefore suggest that strong ASL events tend to concentrate across just five degrees (5°) of

207 the ASL region in the meridional direction.

0
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i @® Weak ASL Center
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e, —— Avg. latitude (weak)
latitude (weak)

208
209 Figure 3: A map showing the spatial variability of extreme ASL events identified between 1979-2025. Extremely strong

210 events (blue) tend to concentrate to the south while extremely weak events (red) are found farther north.

211
212 In contrast, extremely weak ASL events exhibit large spatial heterogeneity. In most cases, weak ASL centers (red)

213 are located farther north across the study region, with one event positioned as far north as 61.75°S. Their average latitude of

214 occurrence is 66.3°S, more than 4.7° north of the average latitude of extremely strong events. Our findings validate previous
g y g g

9
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215 work that suggests a northward displacement of the ASL when positive pressure anomalies are present in the region (Fogt et
216 al. 2012). However, we note the presence of an outlier, whose center is displaced far south near the coast of the Amundsen
217 Sea (74.25°S).

218 We also investigate temporal shifts in the zonal position of extreme ASL centers (Fig. 4). Despite a small sample
219 size (n=13), Fig. 4 shows a strong positive correlation (r=0.66, p<0.05, blue dashed line) between the central longitude and
220 timing of extremely strong ASL events (blue). Such a correlation suggests that the central position of strong ASL events has
221 shifted east in time, moving closer toward the AP. The zonal shift detected here is in line with reconstruction-based studies
222 pointing to a broader eastward migration of the ASL since the 1950s (Dalaiden et al. 2021). Additional research suggests that
223 the climatological location of the ASL will continue moving east in the near future, specifically in austral autumn

224 (March-April-May, MAM) and winter (Hosking et al. 2016).
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226 Figure 4: The relationship between the timing and zonal position (i.e. longitude) of extreme ASL events. An eastward shift
227 is observed across extremely strong ASL events (blue) identified between 1979-2025. No shift is detected for weak events

228 (transparent red).
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229 3.5 West Antarctic surface anomalies driven by extreme ASL events

~Windspeed = 2 m/s 0° ~Windspeed = 2 m/s 0°

Temperature Anomaly (°C)

230
231 Figure 5: Anomaly composites of surface conditions during extremely strong (a) and weak (b) ASL events between

232 1979-2025. Anomalous winds are represented by vectors while ST and SIC anomalies are denoted using coloured shading
233 and contours, respectively. A gray solid line indicates the climatological sea ice edge. A dipole of ST and SIC is found across
234 the study region in both instances.

235
236 Anomaly composites illustrate the impact of extreme ASL events on the surface climate of West Antarctica between

237 1979-2025 (Fig. 5). During extremely strong ASL conditions, negative pressure anomalies (~12.75hPa lower than average)
238 extend across the study region (not shown) and serve to enhance cyclonic rotation in the ASL region (Fig. 5a). The eastern
239 flank of the ASL is characterized by north-northwesterly wind vectors that approach the AP/BS and even extend into the
240 western edge of the Weddell Sea. Along its western flank, ASL-driven winds move offshore in a south-southwesterly

241 direction and cover large swaths of the Ross and Amundsen Seas (hereinafter referred to as RS/AM) region. In general,
242 anomalous winds associated with extremely strong ASL events depart from the climatological average by 3.06 m s™,

243 although wind anomalies for individual events can reach up to 11.57 m s™' (May 1996, Fig. S1c).

244 Across West Antarctica, anomalous winds are collocated with a dipole of T2M anomalies (shaded contours) that
245 confirm the thermodynamic impact of extremely strong ASL events on the region. Temperature anomalies essentially

246 separate the AP/BS and Weddell Sea from the RS/AM. In Fig. 5a, the eastern half of the study region is marked by positive
247 T2M anomalies, which vary from the climatological average by as much as 3.25°C and are most pronounced over the coastal
248 AP. Warmer temperatures are also observed across much of the Weddell Sea. Over the Ross Sea, however, we observe

249 negative T2M anomalies associated with the equatorward advection of cold continental air. Relative to the warmer

250 temperatures to the east, here we note cooler temperatures of -3.04°C. An eastern extension of cool air into the Amundsen
251 Sea is also apparent and may reflect the interaction between the more regional southerly flow of the ASL and the broader

252 westerly winds.
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253 In general, SIC anomalies align well with T2M anomalies observed during extremely strong ASL events (Fig. 5a).
254 Decreases in SIC (blue contour) are found in the ASL region’s warm sector while increases (yellow contour) are noted across
255 areas that experience cooling. Though individual events suggest large SIC anomalies that deviate from monthly

256 climatologies by as much as -91% and 76% (not shown), averaged SIC anomalies across all extremely strong ASL events
257 range between -34% and 29%. Most apparent in our anomaly composite are SIC increases along the northern edge of the
258 Ross Sea just west of 135°W (Figure Sa). It is possible that SIC increases are the product of a dynamic extension of sea ice
259 northward along the seasonal ice edge (solid grey line). Note that increases along the ice edge can occur simultaneously with
260 reductions across the interior associated with sea ice advection away from the continental coastline. To the west of the AP
261 (east of 90°W), however, where surface warming is most prominent, we observe a reduced concentration of sea ice likely
262 associated with the transport of relatively warm northerly air. Northerly flow can inhibit the expansion of Antarctic sea ice
263 away and even induce early retreat, especially when the timing of retreat coincides with strengthened northerly winds. Past
264 research has also linked ASL dynamics in spring to minimum sea ice area in the following summer (Wang et al. 2023). As is
265 indicated by our analysis, a majority of extremely strong ASL events occur between September and October - months that
266 mark the onset of the retreat season.

267 Surface anomalies observed during extremely weak ASL events are shown in Fig. 5b. Anticyclonic (i.e.

268 counterclockwise) wind anomalies signal a weakening of the regional circulation associated with the climatological ASL.
269 Weaker cyclonic winds are directly related to higher pressure conditions that on average surpass the monthly climatology by
270 13.87 hPa (not shown).

271 Figure 5b shows a dipole in surface temperature anomalies that closely follow the direction of anomalous winds
272 during weak ASL events. However, the sign of the anomalies found on this composite is reversed, indicating warming over
273 the RS/AM while the AP/BS experiences a general cooling. Temperatures in the warm sector increase by as much as 2.39°C
274 while decreases of -3.52 °C are observed over parts of the AP/BS. Cooling is also noted in the Weddell Sea.

275 SIC anomalies are often spatially co-located with anomalous temperatures. Expansive reductions in sea ice SIC
276 (yellow contour) are identified over the northernmost edge of the Amundsen Sea, with decreases of 44% centered around
277 135°W. In this part of the study region, negative SIC anomalies extend in the zonal direction and appear to reflect the

278 dynamic forcing of zonal wind anomalies, which can redistribute ice from west to east. Positive SIC anomalies (30%) are
279 found outside of the ASL region in the northern Weddell Sea, where yellow contours indicate a slight extension of sea ice to
280 the north of the ice edge (east of 45°W). Minor increases in SIC are also identified along the AP’s western coast in

281 connection with southeasterly wind vectors moving away from the continent.
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282 3.6 Extreme ASL events in relation to additional SH MOVs

Extremely Strong ASL Events in relation to additional MOV

EGUsphere

Date ACP (hPa) SAM NoJj Zw3

01 October 1980 964.01 0.18 0.11 02
01 October 1983 961.24 0.48 0.23 0.35
01 May 1996 963.39 0.45 0.2 030
01 August 1998 960.77 0.59 0.48 0.13
01 October 1999 961.69 0.71 0.42 0.55
01 September 2008 958.79 0.19 0.48 0.48
01 October 2010 962.11 0.68 0.63 0.17
01 September 2016 959.0 0.55 0.48 045
01 September 2021 962.24 0.41 0.35 -0.36
01 October 2021 959.43 0.25 032 0.29
01 August 2022 963.97 0.22 0.42 0.12
01 September 2022 963.97 0.51 0.6 0.16
01 November 2022 964.2 0.78 0.2 0.26

283

284 Table 3: Thirteen (13) extremely strong ASL events in relation to SAM, ENSO, and ZW?3 indices.

285
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286

Extremely Weak ASL Events in relation to additional MOVs

EGUsphere

Date ACP (hPa) SAM sor w3

01 December 1991 991.42 -0.12 -0.45 0.1
01 June 1992 990.38 -0.47 -0.08 -0.12
01 January 1993 991.85 -0.29 -0.17 0.004

01 June 1994 992.94 -0.32 -0.02 0.2
01 July 1995 988.79 -0.68 0.23 -0.86
01 December 1997 988.68 -0.06 -02 0.08
01 December 2003 989.32 -0.02 0.45 0.09
01 July 2007 990.73 -0.39 0.02 0.34

287 Table 4: Eight (8) extremely weak ASL events in relation to SAM, ENSO, and ZW3 indices.

288

289 As a regional circulation feature, the ASL can develop independently or in conjunction with additional modes of atmospheric
290 variability. Given this, our work considers the atmospheric background conditions that contribute to the development of ASL
291 extremes. Figure 6 shows the central pressure value of extremely strong ASL events in relation to standardized indices

292 representing the various phases of SAM, ENSO, and ZW3. Positive (negative) index values represent the positive (negative)

293 polarity of each MOV.
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295 Figure 6: The ACP value of extremely strong ASL events in relation to SAM (a), ENSO (b), and ZW3 (c). In nearly all
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296 cases, extremely strong events coincide with an MOV’s positive phase.
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298 Our results indicate a clear relationship between lower ACP values and the positive phase of all three MOV, thus
299 suggesting that extremely strong ASL events tend to develop when SAM, ENSO, and ZW3 are in their positive phase

300 (Figure 6). With the exception of one event (c. September 2021), all extremely strong ASL events occur in the context of

301 SAM+, La Nifia, and ZW3+ conditions.

302 The close alignment between extremely strong ASL events and the three MOVs may be associated with negative
303 pressure anomalies that set over the ASL region when the MOVs experience positive polarity. Indeed, SAM+ and La Nifia
304 conditions have previously been shown to produce a deeper ASL via negative pressure anomalies, which deepen the
305 climatological feature (Fogt et al. 2011; Hosking et al. 2013). Here we include ZW3 as an additional mode of variability with
306 the potential to modulate ASL magnitude. Through our analysis, we find 12 of 13 extremely strong ASL events to coincide
307 with ZW3+. It is possible that both the magnitude and position (i.e. phase) of ZW3 contribute to a regional intensification of
308 the ASL. More specifically, we surmise that the ASL may interact with one of the three low-pressure troughs that comprise
309 ZW3 to produce extremely strong ASL conditions. However, our results are preliminary, and further research is required to

310 confirm this.
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312 Figure 7: The ACP value of extremely weak ASL events in relation to SAM (a), ENSO (b), and ZW3 (c). All weak events
313 occur under SAM- conditions, but their relationship to ENSO and ZW3 is less clear.

314
315 In general, there is less agreement between extremely weak ASL events and MOV phase. As seen in Fig. 7a, all

316 extremely weak events develop in relation to SAM- conditions, which is expected since SAM- establishes positive pressure
317 anomalies over the Antarctic that can ultimately weaken ASL depth. In relation to ENSO, extremely weak ASL events span
318 arange of positive and negative SOI values of weak to moderate strength (Fig. 7b). This implies that weak ASL events have
319 historically developed irrespective of ENSO phase, contrary to their apparent relationship with the polarity of the SAM.

320 Figure 7c shows 6 of § extremely weak events that coincide with slight to moderately positive ZW3 conditions. It is

321 plausible for an extremely weak ASL event to develop under such conditions since both features are asymmetric, and since

15
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322 the phase of the former does not cancel out the meridional structure of the latter. Indeed, we have shown in our results that a
323 weakening of the climatological ASL does not lead to a complete cessation of meridional exchanges.

324 Eabry et al. (2024) recently examined the interaction between SAM and ZW3 and found that a particular SAM state
325 does not prefer a particular ENSO state. However, they maintain that during the negative phase of SAM, meridional wind
326 anomalies associated with ZW3 have a stronger and more poleward impact on Antarctic sea ice, specifically along the ice
327 edge. Our results for weak ASL events in Sect. 3.3 are consistent with these findings and show strong meridional heat

328 transport to higher latitudes with a negative sea-ice response concentrated over the Amundsen Sea (~135°W). A reduction in
329 sea ice aligns with those areas over the SO where increases in surface temperature are greatest (Fig. 5b). It is therefore

330 possible that ZW3 plays an important albeit secondary role in ASL-driven anomalies across West Antarctica.

331 3.7 Future ASL variability and extreme events through 2100

332 Given the observed ASL deepening over the historical period, our study also includes an assessment of future changes to
333 ASL variability using model output based on “middle-of-the-road” (SSP245) and “fossil-fueled development” (SSP585)
334 climate scenarios. In this section, we explore possible trends in ASL extremes through the end of the 21st century under

335 global warming.
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336

337
338 Figure 8: Timeseries of projected extreme ASL events through 2100 under “middle-of-the-road” (a) and “fossil-fueled

339 development” (b). Both climate scenarios indicate a disproportionate number of strong ASL events (blue) when compared to

340 weak ASL events (red).
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341
342 Output from both climate scenarios indicate a large proportion of extremely strong ASL events relative to weak

343 events. This suggests a continuation of enhanced meridional heat exchanges and surface changes across West Antarctica in
344 the near future (Fig. 8). The ensemble average under SSP245 shows twenty-seven (27) extremely strong and fifteen (15)

345 extremely weak ASL events developing through 2100. Extreme events in this scenario occur in the context of a slight

346 negative trend, which suggests a reduction in regional pressure (r=-0.07, p-value<0.05) (Fig. 8a). Under SSP585 conditions,
347 we identify twenty-two (22) extremely strong and twelve (12) extremely weak ASL events (Fig. 8b). We note a negative

348 pressure trend (r=-0.16) that is statistically significant (p-value<0.05) and more than two times stronger than the trend

349 calculated for SSP245. ASL depth appears to be less variable in the second half of the future study period when compared to
350 the first.

351 The temporal distribution of future ASL extremes differs considerably between the two climate scenarios. Under
352 SSP245, extremely strong and weak ASL events are present through much of the study period. Although there are periods
353 (~10-15 years) of paucity where extremely weak events cease to occur, extremely strong events persist and extend through
354 2094. After the early 2070s, the frequency of both extremes appears to drop considerably, with extremely strong and weak
355 ASL events alternating in a sporadic manner.

356 The ensemble average for SSP585 displays a similar distribution of ASL extremes - one in which both extremely
357 strong and weak ASL events are present - until ~2060 (Fig. 8b). Although we identify a few strong ASL events in the years
358 that follow, after 2065, we identify an extended period of inactivity that extends for nearly twenty-five (25) years; pressure in
359 the ASL region appears to deepen considerably during this time. Such a period is then brought to an end by four (4)
360 extremely strong ASL events (between 2091-2098) that mark the final decade of the study period.
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362 Figure 9: Histograms showing the monthly distribution of extremely strong (a) and weak (b) ASL events under future

363 SSPS585 conditions. Extremely strong events (left) show agreement with observation trends over the historical period
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364 1979-2025.

365
366 The seasonal distribution of projected ASL extremes aligns well with observed trends over the satellite period (Figs.

367 9, 10). Projections for the SSP585 future scenario suggest extremely strong ASL events are more likely to occur in SON,
368 which coincides with the intensification of the ASL in spring (Fig. 9a). As with our results for the historical period

369 1979-2025, SSP585 output locates October as the month in which extremely strong ASL events are most likely to develop
370 (13/22, or 59%). Placed in the context of previous research, our results are reason for concern since a negative correlation
371 has been found between sea ice and ASL variations in October (Holland et al. 2018). In short, ASL-driven wind anomalies
372 during this month can lead to earlier melting or thinning of regional sea ice, thus allowing for the oceanic absorption of heat
373 that delays ice growth in the subsequent fall (Holland et al. 2017, 2018). However, we note that some strong ASL events are
374 projected to develop earlier in the year (i.e. during the months of May and June) when the ice is still advancing. If

375 strengthened northerly/southerly winds coincide with the timing of ice advance, strong ASL events occurring earlier in the
376 year could potentially affect sea ice coverage in the ASL region, ultimately influencing total Antarctic sea ice area and

377 extent. This is especially true if we consider the meridional location of strong ASL events, which tend to be located farther
378 south, seeing as a more southerly ASL has previously been linked to larger ice concentrations during the advance season
379 (Raphael et al. 2019). Extremely weak ASL events are less organized by month but show a seasonal preference in winter

380 (5/12) and summer (5/12). Such results align with our observational findings presented in Sect. 3.2.
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382 Figure 10: Histograms showing the monthly distribution of extremely strong (a) and weak (b) ASL events under future
383 SSP245 conditions. Extremely strong events show strong agreement with observation trends that indicate a clear preference
384 for spring months (left). Weak ASL events occur both in winter and summer (right).

385
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386 Extreme ASL events under SSP245 exhibit a much clearer seasonality relative to SSP585 in that a larger number of
387 extremely strong ASL events develop during the spring months (Fig. 9a). These results are again consistent with the
388 behavior of extremely strong ASL events over the historical period (1979-2025). Similar to SSP585, extremely weak events

389 are present in the summer and winter seasons.

390 4 Discussion and conclusion

391 Our study investigates the frequency of extreme ASL events over West Antarctica while also quantifying their impact on the
392 surface climate during the period 1979-2025. In total, we identify 13 extremely strong and 8 extremely weak ASL events
393 with anomalously deep/shallow central pressure values. A spatial analysis of their distribution finds the location of extreme
394 ASL centers to vary based on the sign of the event. In general, extremely strong events tend to be located southward and
395 closer to the Antarctic coastline while weak ASL events tend to have centers located farther north. The meridional position
396 of extreme ASL events is important to note since the spatial variability of the ASL has been shown to influence the state of
397 sea ice during retreat and advance seasons (Raphael et al. 2019). An additional characteristic considered here is ASL

398 longitude, which modulates the relative position of northerly/southerly winds around the low. Our work demonstrates that
399 extremely strong ASL centers tend to concentrate over the Amundsen Sea sector (90.75-156.5°W) while weak events are
400 less uniform and more spatially spread across the ASL region.

401 Composite maps of surface anomalies suggest that changes in atmospheric circulation during extreme ASL months
402 plays an important role in controlling West Antarctic climatic variables such as surface temperature and sea ice. We find
403 enhanced cyclonic (anticyclonic) wind anomalies during particularly strong (weak) ASL events, which coincide with a

404 dipole of temperature anomalies across the ASL region. During extremely strong (weak) ASL events, surface cooling is

405 observed over the RS/AM region while warming (cooling) is noted over the AP/BS. Given the dynamic and thermodynamic
406 response of sea ice to near-surface winds, increases (decreases) in SIC accompany negative (positive) temperature

407 anomalies. In both composites, increases in SIC are noted near the seasonal ice edge, highlighting the dynamic impact of
408 ASL-driven winds on seasonal sea ice. A future increase in the frequency of extremely strong ASL events would therefore
409 lead to further warming of the AP/BS region and cooling over the RS/AM region.

410 Since the ASL is modulated by large-scale modes of atmospheric variability, we analyze the occurrence of extreme
411 ASL events in relation to SAM, ENSO, and ZW3. In nearly all cases (12/13), extremely strong ASL events coincide with the
412 positive phase of each MOV. In addition, extremely strong events occur when the three MOVs develop simultaneously, or
413 when they are in-phase. Our work confirms previous findings connecting SAM+ and La Nifia to the intensification of the
414 ASL (Stammerjohn et al. 2008). However, our study is the first to consider a possible link between ASL magnitude and ZW3
415 phase. Results suggest a link between stronger-than-average ASL events and ZW3+ in the presence of SAM+ and La Nifia
416 conditions. Although we surmise that the three MOVs reinforce, or compound, negative pressure anomalies in the ASL

417 region, therefore enhancing the depth of the ASL, additional research is required to explain the ASL and ZW3+ connection.
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418 Such efforts are particularly relevant given recent work by Trivedi et al. (2026), which highlights the dynamic impact of
419 ZW3 on sea ice thickness and suggests a doubling of extreme ZW3 events under high-emission climate scenarios. This shift
420 to more extreme ZW3 conditions will be accompanied by a projected strengthening of the positive polarity and variability of
421 SAM (Goyal et al. 2021; Ma et al. 2026).

422 There is less agreement among MOVs during extremely weak ASL events. All weak events develop during the
423 negative polarity of SAM, a result which reinforces the strong influence of SAM on the ASL, and a majority of weak events
424 coincide with ZW3+ conditions. However, a clear link between the occurrence of extremely weak ASLs and ENSO is

425 lacking.

426 Our investigation of ASL extremes through the end of the 21st century using CESM2 projections for middle- and
427 high-emission climate scenarios shows statistically significant negative pressure trends and indicates a larger proportion of
428 extremely strong ASL events relative to weak events. The frequency of occurrence of extremely weak ASLs is significantly
429 reduced in the later part of the 21st century (post-2060) under SSP585 conditions, suggesting enhanced meridional

430 exchanges of heat and momentum across West Antarctica if fossil-fueled development is pursued.

431 At sub-annual timescales, the seasonality of projected extreme ASL events is reminiscent of historical trends across
432 both climate scenarios, with extremely strong events occurring most often in austral spring. Under the high-emission

433 scenario, however, extremely strong ASL events are present earlier in the year at a time when sea ice is advancing

434 equatorward. A shift to stronger and more frequent ASL events during the advance season could have significant

435 implications for the state of regional and circumpolar sea ice across Antarctica, with northerly flow inhibiting the dynamic
436 extension of sea ice to the north at zero lag. Previous work has also demonstrated that sea ice can exhibit a lagged response
437 to ASL variations, suggesting that ASL-driven anomalies can persist and affect sea ice conditions for months (Holland et al.
438 2018). In terms of extremely weak ASL events, future projections suggest they will maintain current seasonal behaviors and
439 develop in the winter/summer months.

440 Previous work has established the prominent role of the ASL in driving climate variability across West Antarctica.
441 Our study adds to existing literature by quantifying the impact that extremes ASLs have on the region’s temperature and sea
442 ice. Through our work, we show that the ASL’s historical trend since the 1950s - a deepening - has continued to the present
443 day. Using model output for two possible future climate scenarios, we forecast a persistent strengthening of the ASL and an
444 increased frequency in the occurrence of extremely strong ASL events. Our results suggest enhanced springtime warming
445 across the eastern domain of the ASL region, including the Weddell Sea, and cooling across the western domain through the
446 end of the century. Since air temperature and sea ice are closely related, temperature anomalies imply possible sea ice

447 reductions (increases) across the AP/BS (RS/AM) region. At a time when the Antarctic region continues to exhibit rapid
448 warming and the sea ice system dramatic variability - often attributed to changes in the state of the ocean - our work

449 demonstrates how a regional atmospheric feature such as the ASL can continue to contribute to surface changes across West

450 Antarctica.
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451 While the historical and projected deepening of the ASL may be associated with variations in circulation produced
452 by anthropogenic activities, it is necessary to properly distill external forcing from internal variability to properly account for
453 the role of each. The implications of such improvements would be significant for future global modeling efforts. Future

454 studies should aim to build a more comprehensive understanding of this and other components of the climatological ASL,

455 which we have shown here to significantly influence the surface climate of West Antarctica.
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