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Abstract

The Antarctic stratospheric sudden warming (SSW) occurred on August 30, 2019, and was a vortex displacement minor warming

event. We investigated variations in gravity waves (GWs) before and after this rare Antarctic SSW event using two satellite

measurements (AIRS and CIPS) and reanalysis data (GEOS-5 FP). The observations showed that the GW activities decreased

after the SSW onset, with a weakening of zonal wind. The decrease in GW activity coincided with a reversal of the zonal

wind around September 8 in GEOS-5 FP. The temporal variation of GWs was similar to that of Arctic GWs during vertex

displacement minor SSWs. The decline in GW activities was probably caused by wind filtering and polar night jet breaking.

However, the GW activities over the Andes and the Antarctic peninsula decreased at the onset, although the westly wind was

40–60 ms-1. This decrease could have been caused by wave saturation.
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Key Points: 10 

● Gravity waves at 20–70 km altitudes decreased after the onset of the 2019 Antarctic 11 

stratospheric sudden warming. 12 

● The decline of gravity wave activities coincided with the weakening of zonal wind. 13 

● The decline in gravity wave activities was caused by wind filtering, wave saturation, and  14 

disruption of the polar night jet. 15 
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Abstract 17 

The Antarctic stratospheric sudden warming (SSW) occurred on August 30, 2019, and was 18 

a vortex displacement minor warming event. We investigated variations in gravity waves (GWs) 19 

before and after this rare Antarctic SSW event using two satellite measurements (AIRS and CIPS) 20 

and reanalysis data (GEOS-5 FP). The observations showed that the GW activities decreased after 21 

the SSW onset, with a weakening of zonal wind. The decrease in GW activity coincided with a 22 

reversal of the zonal wind around September 8 in GEOS-5 FP. The temporal variation of GWs was 23 

similar to that of Arctic GWs during vertex displacement minor SSWs. The decline in GW activities 24 

was probably caused by wind filtering and polar night jet breaking. However, the GW activities 25 

over the Andes and the Antarctic peninsula decreased at the onset, although the westly wind was 26 

40–60 ms-1. This decrease could have been caused by wave saturation. 27 

Plain Language Summary 28 

The strong west wind, called the polar night jet, appears in the winter polar region and 29 

typically exceeds 90 ms−1 at its maximum. The temperature inside the jet (the polar vortex) is 30 

colder than that outside the jet. However, the polar night jet occasionally becomes highly distorted 31 

and disappears with accompanying warming in the polar stratosphere. Such events are called 32 

sudden stratospheric warmings (SSWs). SSWs drastically change the wind and temperature, which 33 

should strongly influence small-scale waves, called gravity waves (GWs). SSWs frequently occur 34 

in the Arctic, but rarely in the Antarctic. Antarctic SSWs have occurred only twice in the 21st 35 

century. The rare Antarctic SSWs occurred in 2019, and we investigated GW variations before/after 36 

the SSW event. A decline in GW activity coincided with a decline in the zonal wind twice in GEOS-37 

5 FP. The decline in GW activity was probably caused by a weak zonal wind layer. This temporal 38 

variation is the same as the Arctic GWs for the same type of SSW. 39 

1 Introduction 40 

The winter polar stratosphere is characterized by a strong westly wind, i.e., the polar night 41 

jet (Chandran et al., 2014). The polar night jet exceeds 90 ms−1, and the temperature inside the jet 42 

(the polar vortex) is colder than that outside the jet (Fleming et al., 1990). However, the polar night 43 

jet occasionally becomes highly distorted and sometimes disappears with accompanying warming. 44 

Such events are called sudden stratospheric warmings (SSWs). SSWs are triggered by enhanced 45 

propagation of wavenumber 1 or 2 planetary waves from the troposphere, and planetary wave 46 
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breaking decelerates the polar night jet and sometimes reverses the zonal wind (Chandran et al., 47 

2014). 48 

The World Meteorological Organization classifies SSWs into two categories: minor and 49 

major warmings. During minor warmings, the zonal mean temperature at the pole is higher than 50 

that at 60°N at 10 hPa. During a major warming, the zonal wind reverses from a westly wind to an 51 

eastly wind at 10 hPa, in addition to higher temperatures at the pole (Chandran et al., 2014). 52 

Furthermore, SSWs can be categorized by their zonal structures, polar vortex displacement, or 53 

splitting events (Charlton & Polvani, 2007; Matthewman et al., 2009). During a vortex displacement 54 

event, the vortex moves out of the pole and tilts westward with height, with an enhanced 55 

wavenumber 1 planetary wave. During a vortex splitting event, the vortex splits into two or more 56 

cyclonic cells, with an enhanced wavenumbers 2 planetary wave. 57 

Because SSWs drastically change the meteorological field in the middle atmosphere, gravity 58 

wave (GW) generation and propagation are consequently altered. Arctic SSWs frequently occur 59 

such that the SSW effects on GWs in the northern hemisphere have been well studied. Ern et al. 60 

(2016) investigated temporal Arctic GW variations before and after the SSW onsets from 2001 to 61 

2014. They showed that GW activities were strongly suppressed when zonal wind became reversed 62 

after a SSW onset. Before the onset, the GW activities were enhanced only during major warmings 63 

and split vortex events. This enhancement could be caused by the enhanced imbalance flow. These 64 

characteristics of Arctic GWs during SSWs have been supported by models and observational 65 

studies (Jia et al. 2015; Wang & Alexander, 2009; Wright et al., 2010; Yamashita et al., 2010, 2013). 66 

On the other hand, Antarctic SSWs have occurred only twice in the 21st century (2002 and 2019). 67 

Most satellite observations of GWs became available after 2000. The 2002 Antarctic SSW was a 68 

vortex splitting major warming event (Baldwin et al., 2003). Ratnam et al. (2004) used 69 

CHAMP/GPS occultation measurements to determine that the enhancement and decline of 70 

Antarctic GWs occurred before and after, respectively, SSW onset. This was consistent with the 71 

Arctic vortex splitting major warming events. The 2019 Antarctic SSW occurred around August 30 72 

and was led by the enhancement of planetary waves with zonal wavenumber 1 (Yamazaki et al., 73 

2020). Although this 2019 SSW event was classified as a minor warming event, the zero zonal wind 74 

layer reached a 40 km altitude. This wind variation could influence GWs in the southern hemisphere. 75 

The objective of this study was to reveal temporal and spatial GW variations in the southern 76 

hemisphere before and after the 2019 Antarctic SSW event. 77 
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2 Analysis and data 78 

2.1 GEOS-5 FP 79 

The GW perturbations and absolute momentum fluxes during the Antarctic 2019 SSW were 80 

estimated with the GEOS-5 FP (Forward Processing) reanalysis data (Lucchesi, 2013). The GEOS-81 

5 FP is a global non-hydrostatic, high horizontal resolution (0.3125° longitude ×  0.25° latitude) 82 

simulation, and is assimilated with observations. The GEOS-5 FP is the three-hourly interval 83 

instantaneous product and has 72 vertical levels from the surface to 0.01 hPa (~80 km altitude). The 84 

vertical resolution was ~2 km in the middle atmosphere. The three top layers (0.01–0.04 hPa) are 85 

strong sponge layers; therefore, GWs were derived below 0.05 hPa (~70 km altitude). The 86 

orographic and non-orographic GW parameterizations (Garcia & Boville, 1994; McFarlane, 1987) 87 

are also used in the GEOS-5 FP; however, in this study, we focused on resolved GWs in the GEOS-88 

5 FP, that is, the GWs with horizontal and vertical wavelengths longer than ~100 km and ~4 km, 89 

respectively. Holt et al. (2017) evaluated GWs resolved by a model producing the GEOS-5 FP 90 

(GEOS-5) in the Southern Hemisphere. They used the GEOS-5 Nature Run, which was produced 91 

by the high-resolution GEOS-5 model but was not assimilated by any observations. The GWs in 92 

the GEOS-5 display realistic global patterns in their amplitude, absolute momentum flux, and 93 

horizontal wavelength, although their amplitudes are approximately four times weaker than the 94 

observations. Thus, the GEOS-5 model can resolve mesoscale GWs, including non-orographic 95 

waves.  96 

To derive GW perturbations, the background field in the GEOS-5 FP was defined as a 97 

spherical harmonic series truncated at horizontal wavenumber 𝑛 = 40 , which is equivalent to       98 

~1000 km horizontal wavelength, according to Holt et al. (2017). The GW perturbations were then 99 

obtained by subtracting the background. Thus, we derived GWs with horizontal wavelengths less 100 

than ~1000 km. From the perturbations and background, the daily mean absolute GW momentum 101 

flux, M, was estimated as in eq. (1) in Geller et al. (2013). 102 

2.2 Atmospheric Infrared Sounder (AIRS) 103 

The AIRS instrument aboard the NASA Aqua satellite (Aumann et al., 2003; Chahine et al., 104 

2006) measures infrared radiance spectra between 3.74 and 15.4 μm. To investigate GWs, 15 μm 105 

brightness temperature data averaged over two sets of AIRS channels were used and compared with 106 

the GWs in GEOS-5 FP. The two channel sets were used for averaging, with temperature kernel 107 

functions peaking in two layers at ~23 and ~40 km altitudes. The full widths at half maximum of 108 
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the kernel functions are typically ~15 km and therefore represent mean temperatures over 17–32 109 

and 34–49 km altitudes, respectively. Second, a fourth-order polynomial fit was subtracted for each 110 

across‐track scan to remove the backgrounds. The remaining temperature perturbations provided a 111 

measure of GWs with vertical wavelengths longer than ~15 km and ~30–500 km horizontal 112 

wavelengths. The AIRS/Aqua observations of GWs are described in detail by Hoffmann et al. 113 

(2013, 2017).  114 

2.3 Cloud Imaging and Particle Size instrument (CIPS) 115 

The CIPS on the NASA Aeronomy of Ice in the Mesosphere satellite (AIM) (McClintock 116 

et al., 2009; Rusch et al., 2009) is a nadir-viewing panoramic imager that observes ultraviolet 117 

radiation (265 nm) scattered by Rayleigh scattering and polar mesospheric clouds (PMCs). In the 118 

absence of PMCs (including the Antarctic region during austral winter), the Rayleigh scattering 119 

source function at the 265 μm radiance peaks at altitudes of 50–55 km, with its full widths at a half 120 

maximum altitude of ~15 km (Bailey et al., 2009).  121 

The Rayleigh scattering Albedo Anomaly (RAA) observed by CIPS corresponds to GW density 122 

(temperature) relative perturbations (Randall et al., 2017). To calculate RAA, a background 123 

Rayleigh albedo was calculated using a numerical generalization of the “C − σ” model, which was 124 

described by Carstens et al. (2013). The RAA observed by CIPS is most sensitive to GWs at ~52 125 

km, with vertical wavelengths longer than ~15 km and ~15–600 km horizontal wavelengths. RAA 126 

retrieval was described by Randall et al. (2017). 127 

3 Time variation of GW temperature perturbation in AIRS and CIPS observations and the 128 

GEOS 5-FP model 129 

     Figure 1 shows the GWs temperature perturbations observed by AIRS (CIPS) and GEOS-130 

5 FP. To compare observations with model simulations, the perturbations in the GEOS-5 FP were 131 

averaged with AIRS and CIPS observational vertical kernels. The GW perturbations at 40 and 52 132 

km before the SSW onset (August 24) were large over the Andes, the Antarctic peninsula (where 133 

are well known as orographic GW hot spots (Hoffmann et al., 2013)), and the Southern Ocean. 134 

The GW enhancement area over the Southern Ocean corresponded to a strong zonal wind region, 135 

i.e., the polar night jet. This suggests that the polar night jet was the source of these GWs. The GW 136 

perturbations after the SSW onset (September 3 and 13) were much weaker than those on August 137 

24. Daily mean zonal wind in GEOS-5 FP also decreased after SSW onset at 40 km and 52 km. The 138 
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vortex moved out of the pole toward the Andes, because the 2019 Antarctic SSW was a vortex 139 

displacement event. The GWs on September 3 still appeared in the polar night jet, but the GWs 140 

almost disappeared on September 13. Accompanying the decline of the perturbations, the mean 141 

zonal wind was weakened and changed to an eastly wind, although the local zonal wind around the 142 

Andes was still a ~30–60 m s-1 westly wind. The GW perturbations at a 23 km altitude also 143 

decreased similar to those at 40 and 52 km, although the polar night jet remained (see Figures S1 144 

in Supporting Information). Thus, the GW activity decreased after SSW onset. Such a decline in 145 

the GWs during Arctic SSWs is well known and can be explained by two mechanisms: (1) wind 146 

filtering of GWs with small zonal phase velocities because of wind reversal (Ratnam et al., 2004; 147 

Yamashita et al., 2010), (2) weakening or even the disappearance of the GW sources, i.e., the polar 148 

night jet (Yamashita et al., 2010). Moreover, there is a possibility that an observational filter was 149 

applied because of the shortened vertical wavelengths (Alexander, 1998). AIRS and AIM cannot 150 

capture GWs with vertical wavelengths shorter than ~15 km. However, GWs with short vertical 151 

wavelengths tend to be dissipated by eddy diffusion and instability, even though the GWs may not 152 

break (Lindzen et al., 1981). It should be noted in Figure 1 that the amplitudes of the GWs in the 153 

observations were approximately three times larger than those in the model. Although the 154 

observations and the model are sensitive to GWs with shorter and longer wavelengths, respectively, 155 

the GWs with longer wavelengths typically have larger amplitudes than shorter ones (Fritts & 156 

Alexander, 2003).  This underestimation of the amplitude in the GEOS-5 model has been reported 157 

by Holt et al. (2016; 2017) and is caused by the excessive dissipation because of the coarser vertical 158 

resolution. This is common in many general circulation models (Jewtoukoff et al., 2015). 159 

  160 
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 161 

Figure 1.  Gravity wave temperature perturbations for AIRS, CIPS, and GEOS-5 FP in the Southern 162 

hemisphere (30 − 90°S).  Graphs a–c show the perturbations at a 40 altitude km from 12 UT on 163 

August 24 to 12 UT on August 25, from 12 UT on September 3 to 12UT on September 4, and from 164 

12 UT on September 13 to 12 UT on September 14, respectively. Graphs d–f show relative 165 

temperature (density) perturbations at a ~52 km on August 24 at 0–24 UT, September 3 at 0–24 166 

UT, and September 13 at 0–24 UT, respectively. The contour lines indicate daily mean zonal wind 167 

obtained from GEOS-5 FP. Thick lines and dotted lines indicate 0 m s−1  and an eastly wind, 168 

respectively.  169 

  170 
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Nevertheless, the GWs in GEOS-5 FP are in good agreement with the satellite observations in terms 171 

of their spatial and temporal variations. GEOS-5 FP can provide the tendency and behavior of GWs 172 

that is more accurate than the observations. We focus on the GWs in GEOS-5 FP during the 173 

Antarctic SSW in the following section. Additionally, the analysis of GEOS-5 FP is immune to 174 

observational filtering problems. 175 

4 Temporal and special variations of absolute GW momentum fluxes in GEOS-5 FP before 176 

and after the Antarctic 2019 SSW 177 

Figures 2 (a) and (b) show the zonal mean absolute GW momentum flux averaged at 50–178 

70 °S during 2018 and 2019, respectively. No Antarctic SSW occurred in 2018, and the flux in 179 

2018 was typical and is shown as a reference. The flux in the 55–70 km altitudes during 2018 180 

declined by one-quarter from September 7 to September 19, with a ~20 ms-1 decrease in the westly 181 

zonal wind. The flux at ~10–45 km altitudes did not change. However, the flux in 2019 before the 182 

onset was comparable with that in 2018 and did not increase. After the onset, the flux at the  30–70 183 

km altitudes on August 31 decreased by half of that during 20–29 August. The flux in the upper 184 

stratosphere on 12–19 September was one-seventh smaller than that during 20–30 August (e.g., 185 

2.2 × 10−6 Pa at 50 km during 20–30 August but 3.0 × 10−7 Pa during 12–19 September). The 186 

flux at 20–30 km altitudes decreased by half, as well. The zonal wind became weaker above ~25 187 

km at the SSW onset but there was still a westly wind. On September 5 the zero zonal wind line 188 

dropped to an ~40 km altitude (3 hPa).  189 

  190 

Figure 2. Daily mean absolute momentum fluxes in GEOS 5-FP over 50 − 70°𝑆. Graphs a and b 191 

show the zonal mean fluxes in 2018 and 2019, respectively. Contour lines indicate daily mean zonal 192 

wind. Thick, solid, and dotted lines indicate a 0 ms−1, westly, and eastly wind, respectively.  193 
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  194 

Such coincidence in wind and flux decreases is common after a SSW onset (Thurairajah et al., 195 

2014; Yamashita et al., 2010), and the decrease in GW fluxes was caused by the weakening and 196 

breaking of the polar night jet, that is, a lack of the GW source and wind filtering by the GWs with 197 

small ground-based zonal phase velocity. This temporal variation was different from the 2002 198 

Antarctic splitting vortex SSW, because no GW enhancement occurred before the SSW onset, 199 

(Ratnam et al., 2004), but was similar to the Arctic GWs during vortex displacement minor SSWs 200 

(Ern et al., 2016). Thus, the imbalance in flow area did not increase with the 2019 SSW. 201 

To investigate the spatial variations in the absolute GW momentum fluxes, we calculated 202 

the fluxes averaged over three periods: before the SSW onset (20–30 August), after the SSW but 203 

while the zonal wind was still westly at a 40 km altitude (August 31–September 8), and when the 204 

zonal wind was eastly at a 40 km altitude (9–19 September). Figures 3 shows the absolute GW 205 

momentum fluxes over 40–90 °S at 100, 10, 1, and 0.1 hPa (15, 30, 47, and 64 km) during the three 206 

periods, respectively. The fluxes on 20–30 August at each height had similar spatial variations 207 

during austral winter; that is, the fluxes were high around the polar night jet (50–70°S), the Andes, 208 

and the Antarctic peninsula (Preusse et al., 2009). Additionally, the high GW flux region over the 209 

Andes extended leeward (up to ~40°W). During August 31–September 8, the polar night jet above 210 

10 hPa weakened and shrank, and the flux around the polar night jet decreased by approximately 211 

half. Between September 9–19, the flux at 100 hPa over the Southern Ocean (e.g., 50–60°S in the 212 

eastern hemisphere) was 0.4 times smaller than that before September 8. The zonal wind at 100 hPa 213 

also decreased by ~10 ms-1, and this decrease in the GW activity could have been caused by the 214 

weaker source (the polar night jet). The polar night jet at 10 hPa weakened and shrunk more than 215 

that during August 31–September 8, and the jet disappeared at 1 hPa. At 0.1 hPa, the zonal wind 216 

was eastly, except in the vicinity of the Andes; however, it was small (10–20 ms-1). 217 
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 218 

Figure 3. Absolute momentum fluxes averaged in GEOS 5-FP in the three periods: before/after the 219 

onset of the 2019 Antarctic SSW (August 20 to 30 and August 31 to September 8), and during the 220 

weak zonal wind in the middle/upper stratosphere (September 9 to 19). The contour lines indicate 221 

daily mean zonal wind. Thick lines and dotted lines indicate 0 ms−1 and an east wind, respectively. 222 

Graphs a–c show the averaged fluxes at 100 hPa. Graphs d–l) are the same as a–c, except for 10 223 

hPa (d–f), 1 hPa (g–i), and 0.1 hPa (j–l), respectively.  224 
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Accompanying this weakening of the eastly wind, the flux dropped by 1–2 orders in the polar night 225 

jet region (50–60 °S), the Andes, and the Antarctic peninsula. It should be noted that the flux at 10 226 

hPa (20–50 °E, 70°S) was enhanced during September 9–19. This area overlapped with an exit of 227 

the polar night jet, and consequently, the GWs could be emitted from the polar night jet through 228 

spontaneous adjustment (Plougonven & Zhang, 2014). Figures 3 shows that the zonal winds around 229 

the Andes and the Antarctic peninsula were mostly westly after the onset. However, the zonal wind 230 

over most regions of the Southern Ocean, especially in the eastern hemisphere, was eastly. 231 

Moreover, the mountains in the Andes and the Antarctic peninsula were the main source of the 232 

GWs, whereas the main sources of the GWs in the Southern Ocean were the fronts and the polar 233 

night jet (Hendricks et al., 2014; Murphy et al., 2014; Sato & Yoshiki, 2008). Thus, the behavior 234 

of the GWs and the background winds in both regions were different. We compare the GW fluxes 235 

between the orographic GW hotspots (the Andes and the Antarctic peninsula) and the Southern 236 

Ocean in this section. 237 

Figures 4 (a) and (b) show the daily mean absolute momentum fluxes in GEOS-5 FP over 238 

50–80°W, 50–70°S (the southern Andes and Antarctic peninsula) and 165°E–165°W, 50–70°S 239 

(hereinafter, this region is called the ocean region). The ocean region is far from any continent or 240 

island, and the polar night jet existed there before the onset (Figure 3 d and g), that is, non-241 

orographic GWs mainly contributed to the flux there. The wind and flux over the ocean region were 242 

similar to the zonal mean values (e.g., zonal wind peak altitude and the time of the decline of the 243 

zonal wind and the flux), although the flux was one-half smaller than the zonal mean value. This is 244 

because most areas in 50–70°S are over the ocean. The flux over the southern Andes and Antarctic 245 

peninsula was 10–50% larger than the zonal mean value, especially in the lower stratosphere. This 246 

high flux was caused by mountain waves. The zonal winds over the southern Andes and Antarctic 247 

peninsula were higher (lower) at 10–35 (35–70) km altitudes than the zonal mean value. In terms 248 

of temporal variations, the zonal wind and flux in both regions decreased in two steps (the first step 249 

was the SSW onset, and the second was the drop in the zonal wind), although the second step over 250 

the ocean region was earlier than that over the southern Andes and Antarctic peninsula. The 251 

decreases in the zonal wind and flux coincided. This suggests that the fluxes were suppressed 252 

because of the wind reversal filtering GWs from the troposphere and the lack of a stratospheric GW 253 

source (the polar night jet). Although the zonal wind over the southern Andes and Antarctic 254 

peninsula was still strong (40–60 ms−1) in the first step (onset) in the 40–60 km altitudes, the flux 255 
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decreased by half at 50 km. This implied that mountain waves were not filtered out by their critical 256 

level. Additionally, the flux in the 10–20 km altitudes was larger between the first and second steps 257 

than that before the first step, which suggested that the orographic source activity was higher. This 258 

decrease in flux at the first step over the southern Andes and Antarctic peninsula could be explained 259 

by the wave saturation because of the decrease in the zonal wind. The GWs around the polar night 260 

jet tend to have long vertical wavelengths because of the Doppler shift. When the wind decreases, 261 

the vertical wavelengths should likewise decrease. GWs with small vertical wavelengths have a 262 

tendency to meet instability conditions, and the growth of the amplitudes is limited (Alexander et 263 

al., 2011; Whiteway et al., 1997). Figures 4 c and d show the vertical wavelength spectra for the 264 

GW relative temperature perturbation and wind over the southern Andes and Antarctic peninsula–265 

at 10–70 km from August 20 to August 30, August 31 to September 8, and September 9 to 266 

September 19, respectively. Figures 4 e and f show the same values as c and d, except for the ocean 267 

region. The spectra were calculated using the Lomb–Scargle method (Scargle, 1982). The power 268 

spectral densities (PSDs) over the southern Andes and Antarctic peninsula at vertical wavelengths 269 

longer than 20 km dropped to one-half to one-third from August 20–30 to August 31–September 8, 270 

although shorter vertical wavelengths than 10 km decreased by less than two-thirds. The 271 

characteristic vertical wavelength (local maximum wavelength) also became shorter (~20 km to 272 

~16 km). The PSDs over the ocean dropped to one-half to one-third for all vertical wavelengths, 273 

and the characteristic vertical wavelength did not change. This result indicated that the GWs with 274 

longer vertical wavelengths were suppressed because of the  zonal wind weakening after the onset. 275 

 276 
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  277 
Figure 4 Graphs a and b show the daily mean absolute momentum fluxes in GEOS-5 FP over 50–278 

80°W, 50–70°S (the southern Andes and Antarctic peninsula) and 165°E–165°W, 50–70°S 279 

(hereinafter, this region is called the ocean region). Graphs c and d show the vertical wavelength 280 

power spectral densities (PSDs) for the GW relative temperature and wind perturbation over the 281 

southern Andes and Antarctic peninsula in 10–70 km during August 20–30 (black), August 31–282 

September 8 (blue), and September 9–19 (orange), respectively. Graphs e and f are the same as that 283 

in c, except over the ocean region. 284 
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5 Summary      285 

We investigated GW variations before and after a rare Antarctic SSW event in 2019 using 286 

AIRS, AIM, and GEOS-5 FP. These results showed that the GW activity decreased after the SSW 287 

onset. The decrease coincided with the decrease in the zonal wind in GEOS-5 FP. In the GEOS-5 288 

FP, the GW activity in the southern hemisphere decreased after the onset as a whole, except for the 289 

exit of the polar night jet. This temporal variation was the same as in the Arctic GWs in vortex 290 

displacement minor SSWs (Ern et al., 2016). Thus, the impact of vortex displacement SSWs on 291 

Antarctic GWs is similar to that in the Arctic, at least in the 2019 SSW event. The decrease in the 292 

GW activity after the onset was probably caused by wind filtering and polar night jet breaking. The 293 

GW activities over the Andes and Antarctic peninsula decreased by half at the SSW onset, although 294 

the zonal wind was still strong. This decrease could be caused by the shorter GW vertical 295 

wavelength because of zonal wind weakening. This result implied that the weakening zonal wind 296 

suppressed the GW momentum flux by half. Most previous studies regarding the SSW effect on 297 

GWs emphasized that a critical level is caused by wind reversal, but our results suggested that the 298 

effect of shortening the vertical wavelength cannot be negligible. These effects on the GWs because 299 

of the Antarctic SSW should change the GW activities and other phenomena in the upper 300 

atmosphere. In particular, this SSW could lower secondary GW excitation altitudes because of a 301 

descending primary GW breaking altitude, although GEOS-5 FP cannot resolve this type of 302 

secondary GW. Future work will investigate the impact of the decrease of the stratospheric GW on 303 

the upper atmosphere during the 2019 SSW.  304 
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