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On early February of 2020, two consecutive extreme warming events of three day interval at the similar location occurred over the Antarctic Peninsula (AP). The later event, that occurred on February 9, 2020, exhibited a second-highest temperature record of 15.5°C at Marambio station, located on Seymour Island, northeast of the AP. To understand the possible cause of the extreme warming event, we analyzed extreme warming events that occurred on Seymour Island during February over the past 40 years by using observational data from Marambio station alongside the European Center for Medium-Range Weather Forecasts Reanalysis v5 (ERA5) data. The results revealed that the extreme warming event on February 9, 2020 occurred due to the foehn and large-scale horizontal advection. In foehn winds, radiative heating and isentropic drawdown occur simultaneously. The horizontal advection of heat, which leads to extreme warming events, is associated with the strong blocking high in the upper and lower atmosphere. Contrary to the average characteristics of extreme warming events in February over the past 40 years, the extreme warming on February 9, 2020, occurred not only in the AP but also throughout entire West Antarctica.
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INTRODUCTION
On February 9, 2020, a temperature of 15.5°C was recorded at Marambio station (64°14′S, 56°37′W, altitude 198 m) located at Seymour Island, northeast of the AP (Figure 1). Three days earlier, on February 6, at Esperanza station (63°24′S, 57°00′W, altitude 24 m), located north of Marambio station (Figure 1), a temperature of 18.3°C the highest temperature in the entire Antarctic continent was recorded (Francelino et al., 2021). Considering that Marambio station is located at about 1° higher in latitude and about 170 m higher in altitude than Esperanza station, 15.5°C is a very high temperature.
[image: Figure 1]FIGURE 1 | Station locations. Red asterisks represent locations of Marambio station, green asterisks represent Butler Island, Limbert station, Fossil Bluff and Sky Blu station, and blue asterisks represent Esperanza station. Yellow asterisks (A,B) represent locations selected from upstream of Marambio station. The (C,D) line represents the path of the vertical cross-section used in Figure 6. Shading represents topography from ERA5.
Figure 2 shows time series of daily maximum 2 m temperature in February from 1981 to 2020. According to the observation data from Marambio station, the daily maximum temperature anomaly of the 2020 event was ∼14.6°C higher than the average for the past 40 years, which was the second-highest record. Seven events exhibited a daily maximum temperature anomaly of >10°C with two events before 2000 and five events since 2000. In the past 40 years, there has been an increasing temperature trend of ∼1.5°C per 40 years at Marambio station in February (Figure 2). However, the contribution of linear trend in the 2020 extreme event was not significant since the trend observed at Marambio station is only 1.5°C increase per 40 years, which is much weaker compared to the warming magnitude of the extreme event.
[image: Figure 2]FIGURE 2 | Time series of daily maximum 2 m temperature in February from 1981 to 2020. The daily climatological value is calculated based on the period 1981–2020. Black solid line, red dashed line and black dashed line represents temperature, upper 5% and trend, respectively. Red dots represent selected extreme warm events.
At the same time, a record-breaking surface melting occurred at the Larsen C ice shelf in the summer of 2019/2020 (Banwell et al., 2021). Zou et al. (2021) suggested that the foehn was one of the main drivers behind the surface melting of the Ross Ice Shelf. Geographically, the west of Seymour Island is characterized by a cordillera and on the east, the Weddell Sea. The cordillera with a height of ∼2,300 m, width of ∼100 km, and length of 1,500 km provide favorable conditions for foehn formation (Elvidge and Renfrew, 2016). Besides, the warming in the northeast of the AP is caused by strong westerlies, induced by positive Southern Annular Mode (SAM), promoting the foehn (Marshall et al., 2006; Orr et al., 2008; Elvidge et al., 2020). Elvidge and Renfrew (2016) summarized the foehn warming mechanism into isentropic drawdown, latent heating, precipitation, mechanical mixing, and radiative heating. Of these, isentropic drawdown occurs when the air mass is blocked on the upwind side with no possibility to rise. Consequently, another air mass with a potentially warm temperature, located at a higher altitude than the blocked air mass, blows to the downwind side, causing adiabatic compression (Beran 1967; Seibert 1990). Radiative heating occurs when the ridged surface of the mountain is heated by solar radiation, and the air is then heated by diabatic heat re-emitted from the heated ground. Takane and Kusaka (2011) coined the term “foehnlike wind” to denote this phenomenon.
Xu et al. (2021) reported that the extreme warming event observed at Esperanza station on February 6, 2020 was driven by foehn. According to the temperature tendency analysis, the vertical motion contributed the most substantially to the warming through foehn. As mentioned earlier, Esperanza station is located lower latitude and lower elevation than Marambio station. Moreover, no extreme warming event occurred on February 9, 2020 at Esperanza station (Francelino et al., 2021; Xu et al., 2021). Thus, the extreme warming event in Marambio station on February 9 is worth investigation. Most importantly, there are only few studies on extreme warming events on Seymour Island.
To address this gap, in this study, we elucidated the drivers of extreme warming events that occurred on February 9, 2020 and compared the features of extreme warming events with averaged atmosphere conditions for other extreme events that occurred on Seymour Island in February over the past 40 years.
METHODS AND DATA
We performed composite analysis for temperature, Mean Sea Level Pressure (MSLP), potential temperature, and wind in the West Antarctic area to elucidate the typical characteristics for extreme warming events on Seymour Island in February and compared these statistics with the 2020 event. The composite was created by averaging the anomalies of the extreme warming events in February on Seymour Island from 1981 to 2020. Extreme warming events are defined in this study as the days in the top 5% or higher of the daily maximum 2 m temperature anomaly, observed at Marambio station over the past 40 years. If consecutive extreme values are recorded during one year, only those that differ by more than 2 days from the higher extreme value are selected. Based on these criteria, 39 events were selected (Figure 2).
To analyze the causes of the warming on Seymour Island, we examined the temperature tendency based on (Holton, 2004), as follows:
[image: image]
where the left side of Eq. 1 reflects the time change in temperature, the first term on the right side represents horizontal advection, the second term on the right reflects adiabatic warming and vertical advection, and the last term on the right expresses diabatic heating. Here, T is the temperature, p is the pressure, R is the gas constant (287 J/kgK), and Cp is the static pressure specific heat (1004 J/kgK). Vertical advection was calculated using the temperatures at 1000 hPa and 850 hPa, while diabatic heating was calculated as a residual. To explain the process of heat transfer from upstream of Marambio station to Marambio station, we further investigated the temperature tendency at the point A (64.75°S, 59.80°W) and B (63.82°S, 58.51°W) located upstream of the Marambio station (Figure 1).
The daily mean ERA5 data with a horizontal resolution of 0.25° × 0.25° provided by the European Center for Medium-Range Weather Forecasts from 1989 to 2020 was utilized for the composite analysis. Hourly ERA5 data from 5 to 9 February was used to quantify the temperature tendency on Seymour Island. To investigate the atmospheric conditions on the AP during the 2020 extreme warming event, we used six-hourly 2 m temperature, wind speed, and wind direction observation data from the British Antarctic Survey at Marambio, Butler Island, Limber, Fossil Bluff, and Sky Blu station. Centering on the AP cordillera, Marambio, Butler Island, and Limbert station are located to the east, Fossil Bluff and Sky Blu station are located to the west from it (Figure 1). Detailed information of the stations and data is presented in Table 1. Note that because relative humidity observation data were not available at the stations, the ERA5 data were applied. In this study, D-day represents the day when the highest temperature occurred at Marambio station.
TABLE 1 | Station and data information.
[image: Table 1]RESULTS
Composite Analysis
Figure 3 shows the six-hourly 2 m temperature, wind speed, and wind direction observed from D-4 to D-day at Marambio station (red), Butler Island (orange), Limbert (blue), Sky Blu (green), and Fossil Bluff (black). We found that the 2 m temperature increased at the stations located in the east from D-3 to D-day. Despite about 1°C increase in temperature at the stations located in the west, there was minimal increase compared to that at the east stations (Figure 3A). At Marambio station, the temperature decreased after extreme warming on D-3 and then gradually about 10°C increased again from D-1, reaching the maximum on D-Day. The relative humidity slowly decreased at Marambio station and rapidly decreased at Butler Island station on D-2. It increased at Limbert station from D-2 and remained above 90% at the western stations (Figure 3B). At the same time, the westerly wind blew from the stations located in the east, and the westerly or northerly wind blew from the stations located in the west (Figure 3D). The wind speed was estimated to be < 9 m/s at the four stations, except at Sky Blu. In the AP, warmer and dry air on the downwind side (rather than the upwind side along with the westerly wind) represents a typical feature when the foehn occurs (Barry 2008; Ahrens 2012). We also identified two peaks with wind speeds of >10 m/s at Marambio station (Figure 3C). Furthermore, the wind speed decreased on D-2 and increased again on D-1. Notably, this increase was similar to the temperature increase period.
[image: Figure 3]FIGURE 3 | Time series of six-hourly 2 m temperature (A), °C, wind speed (C), m/s, wind direction (D), degree at Marambio (red), Butler Island (orange), Limbert (blue), Sky Blu (green), and Fossil Bluff (black) station. Relative humidity (B), % is ERA5 reanalysis grid point data nearest to observation stations.
Figure 4 shows the daily mean 2 m temperature anomalies (shading) and daily mean MSLP anomalies (contours) of the composite for the 40 years (top) and 2020 event (bottom) on D-4, D-2, and D-day. In the composite, on D-4, high pressure intensified at the southern tip of Chile, while low pressure increased in the Amundsen Sea. Warm and moist air can flow from the low-latitude ocean to high latitudes along these high-pressure and low-pressure surfaces, thereby causing the warming to the west of West Antarctica (Figure 4A). In D-2, the high pressure and low pressure moved eastward, and at the same time, the warmed area also moved eastward. The high pressure was strengthened, but the low pressure was further weakened on D-2 compared to those on D-4 (Figure 4B). The high pressure was even more enhanced on D-day, though the low pressure was found to be non-significant. The warming occurred mainly in the AP and was more robust in the east than in the west of the AP cordillera (Figure 4C). The high pressure intensified on D-day, thus, bringing warm and humid air from the low latitudes into the AP by westerly winds from the AP. The topography of the AP may have contributed to the development of the foehn. Thus, the enhanced high pressure at the southern tip of Chile was essential for the extreme warming registered at Marambio station.
[image: Figure 4]FIGURE 4 | Daily mean 2 m temperature anomalies (shading, °C) and daily mean MSLP anomalies (contours, hPa) of composite (top) and 2020 event (bottom) in a region on D-4 (A,D), D-2 (B,E), and D-day (C,F). In the composite, black contours represent significant MSLP at 95% confidence level and the gray contours represent non-significant MSLP at the same level. Thick solid gray contour represents zero, thin black and gray dashed contours are negative, and thin black and solid contours are positive. Contour interval is 4 hPa. Daily mean 2 m temperature anomaly is shown only significant area at 95% confidence level (A–C). In the 2020 event, thick solid black contour represents zero, thin black dashed contours are negative, and thin black contours are positive. Contour interval is 4 hPa (D–F).
Overall, the 2020 event is similar to that of the composite. On D-day, the strongly developed high pressure was located at the southern tip of Chile in the Drake Passage, while more intense warming was registered in the east rather than in the west of the AP (Figures 4D–F). However, there were also some pattern differences between the 2020 event and the composites. In particular, in the composite, the high pressure was intense on D-day, but in the 2020 event, it was intense on D-2. Moreover, as the Amundsen Sea low being blocked by the enhanced high pressure on D-2 could not move eastward and remained in the Amundsen Sea until D-Day. Notably, these results are in line with the phenomenon reported by Xu et al. (2021). From D-2, the Amundsen Sea low started splitting, while on D-day, it was completely cut off and moved to the west coast of Chile and the other inland of West Antarctica, respectively (Figures 4E,F). Owing to the low cut-off located in western Chile, the atmospheric pressure pattern of the 2020 event facilitated the warm air flow from low to high latitudes, compared with the composite air pressure pattern. In the composite, the warming region moved eastward alongside the movement of the pressure system. However, it could not move eastward on D-Day of the 2020 event. Moreover, as the low pressure moved inland to Antarctica, the warming was identified not only in the AP but also in the entire West Antarctica.
Figure 5 shows the 500 hPa geopotential height (GPH) anomalies of the composite and 2020 event in the same space and time as in Figure 4. We identified a condition, resembling the MSLP pattern, thereby indicating a barotropic feature. In the composite, from D-4 to D-day, while high pressure and low pressures moved to the east, high pressure was strengthened, while low pressure was weakened (Figures 5A–C). In other words, Seymour Island experienced the extreme warming events with well-developed high pressure from the lower to the upper layers in the Drake Passage. We found that the 2020 event was also manifested in the form of high pressure and low pressure moving eastward from D-4 to D-day. At D-2, while low pressure weakens, high pressure was more intensified than D-4. Furthermore, the cut-off low was discerned in the upper layer on D-2, while higher potential temperatures and downdrafts were registered in the upper-level anticyclones as shown below.
[image: Figure 5]FIGURE 5 | A 500 hPa GPH anomaly (m) of composite and 2020 event in the same space and time as in Figure 4. In the composite, the shading and gray contours represent significant and non-significant areas, respectively, at 95% confidence level. Contour interval is 50 m (D–F).
Figure 6 shows the vertical cross-section of daily mean potential temperature and wind anomaly on February 9, 2020 and the composite along the C-D line shown in Figure 1. In the composite, a positive potential temperature anomaly emerged in the upper layer on D-2, and the maximum value of positive anomaly moved eastward over time. This condition (Figures 6A–C) was the same as the movement of the upper-level anticyclones to the east (Figures 5A–C). On D-1, we identified an updraft along the windward side, whereas the mountain blocked the updraft. Moreover, the air of warm potential temperature at a higher altitude was blown downwind side, thereby causing the isentropic drawdown on the downwind side. On D-day, this phenomenon was found to be stronger. The maximum potential temperature anomaly emerged at 1500 m or higher on D-1 but emerged at the layers between 700 and 1500 m on D-day. Notably, this isentropic drawdown is meteorological evidence of foehn.
[image: Figure 6]FIGURE 6 | Daily mean potential temperature anomaly (shading, K) and daily mean u-z wind (m/s) anomaly (vector, ref. 5 m/s) vertical cross section of composite and 2020 event on D-2 (A,D), D-1 (B,E), and D-day (C,F). Green asterisk is the location of Marambio station. The y-axis represents altitude (m), and the x-axis represents longitude (degree). In the composite, only significant area is displayed at 95% confidence level.
The same phenomenon was identified for the 2020 event. On D-2, there was a positive potential temperature anomaly in the upper layer, and the maximum anomaly moved eastward over time (Figures 6D–F; Figures 5D–F). In the 2020 event, unlike the composite, on D-2, a warmer potential temperature anomaly emerged in the upper layer than D-day. This finding is consistent with the 500 hPa GPH anomaly being higher than D-day on the D-2. On D-day, the upwind side airflow was blocked, and air at a higher altitude, rather than the blocked airflow, blew downwind. At the same time, isentropic drawdown occurred at the leeward side. However, the airflow descending from the downwind side appeared to be weaker than that in the composite side, which can be deemed as one of the drivers for the weak isentropic drawdown.
Temperature Tendency at Marambio Station
Figure 7 shows the time series of temperature tendency at the point A, B, and Marambio station from D-4 to D-day. At the point A and B, Diabatic heating (blue solid line) is the main contributor of the warming from D-2 to D-day. Adiabatic warming (black solid line) also contributes to warming, except for the D-2. Vertical advection (black dashed line) tends to show out of phase with adiabatic warming, but its magnitude is much smaller than that of adiabatic warming. Horizontal advection (red solid line) contributes to warming only at the point B from D-1 to D-day (Figures 7A,B). Unlike points A and B, adiabatic warming and horizontal advection simultaneously contribute the most to warming at Marambio station (e.g., a region of interest) from D-2 to D-day. Diabatic heating, on the other hand, contributed to the cooling (Figure 7C).
[image: Figure 7]FIGURE 7 | Time series of temperature tendency (K/h) at the point A (A), point B (B), Marambio station (C). The contributions of horizontal advection (red solid line), adiabatic warming (black solid line), vertical advection (black dashed line), and diabatic heating (blue solid line) to temperature variations at 2 m from ERA5 for each point from D-4 to D-day. Gray shading is the period that affected the February 9 warming.
We argue that the large contribution of diabatic heating upstream of Marambio station was related to the blocking high. Given the influence of high-pressure persistence for several days, solar radiation increased, and the surface heated by the increased solar radiation re-emitted via the sensible heat. In turn, the air was heated by re-emitted sensible heat. Finally, the heated air was delivered to Marambio station through horizontal advection. This process was fundamentally the same as the radiative heating of the foehn warming mechanism. Adiabatic warming in the upstream region have exacerbated this process as well (Figures 7A,B).
Despite the increase in the solar radiation, the contribution of diabatic heating term to cooling in Marambio station could emerge owing to its geographic location naturally heavily influenced by the ocean. Because Marambio station is located very close to the Weddell Sea, even after solar radiation, the surface is not heated quickly owing to the high specific heat of the ocean, and only the atmosphere continues warming, thereby generating a downward sensible heat flux.
In Marambio station, the two warm events on D-3 and D-day occurred under the same high pressure system (Figure 4). For both cases, temperature increase occurred by a combination of adiabatic warming and horizontal heat advection. But there is a difference between the two events. On D-3, the temperature increased rapidly with adiabatic warming and horizontal heat advection by the intense high pressure. As described in the introduction, strong westerlies promote the foehn (Marshall et al., 2006; Orr et al., 2008; Elvidge et al., 2020). The small contribution of adiabatic warming by isentropic drawdown and horizontal heat advection from D-2 to D-day compared to D-3 is due to westerly wind speed. The increase and decrease of the adiabatic warming contribution are consistent with increases and decreases in wind speed at Marambio station (Figure 7C; Figure 3C). Despite this small contribution of adiabatic warming and horizontal heat advection compared to D-3, the temperature at Marambio station gradually increased by blocking high from D-2 to D-day (Figure 3A).
Meanwhile, the extreme warming event on day D-3 occurred on the same day as the event observed at the Esperanza station. However, the warming mechanism of the events observed at the two stations is different. The contribution of horizontal advection is negative at Esperanza station (Xu et al., 2021), but it is positive at the Marambio station. As mentioned in the introduction, this may be caused by the difference in location and topography between the two stations.
The heat transfer process by horizontal advection of Marambio station described in this study is not the result of quantitative analysis. In addition, although the ERA5 reanalysis data used to calculate the temperature tendency was high-resolution, there was a difference in the actual altitude and topography from the observation stations (Marambio-111 m, Butler I.-81 m, Fossil Bluff-246 m and Sky Blu-14 m). Lagrangian analysis using the trajectory model has been performed in several studies to identify the cause of the foehn quantitatively (Elvidge and Renfrew, 2016; Nishi and Kusaka, 2019; Xu et al., 2021). In addition, model simulation applying detailed topography will be able to improve the effect of difference in altitude. Previous studies used Polar-optimized version of the Weather Research and Forecasting (PWRF) model to investigate the foehn in the West Antarctica (Steinhoff et al., 2013; Steinhoff et al., 2014; Zou et al., 2021). Lagrangian analysis using the PWRF model is thought to be able to identify the cause of the foehn more clearly, and this will be applied in future studies.
SUMMARY
In this study, we investigated the features of extreme warming events that occurred on Seymour Island in February over the past 40 years by using composite analysis. We compared these features with the drivers of the strongest warming event that occurred on February 9, 2020 in Marambio station. As a result, we provided an evidence that the major contribution of the 2020 extreme warming event at Marambio station was combined effect of horizontal advection and adiabatic warming by the foehn, which are adiabatic processes in principle. The contribution of horizontal advection is a result of diabatic heating mechanism. The foehn, caused by blocking highs and the topography of the AP continued to increase temperatures on Seymour Island, thereby inducing the maximum warming on February 9, 2020.
Over the past 40 years, in February, the extreme warming at Marambio station was associated with the high pressure developing strongly in the upper and lower layers and was also linked to the foehn. Of the foehn warming mechanisms, the isentropic drawdown mechanism appears to have a significant contribution (Figure 6C). Also, on the day with the extreme warming event at Marambio station, the warming notably occurred in the AP. The extreme warming of February 9, 2020, was similar, but extreme warming occurred not only in the AP but also throughout the entire West Antarctica due to the split of the Amundsen Sea low.
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Wind direction
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