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Abstract. We found that the interannual difference of the W3 and W4 10 

Q2DW is significantly correlated with the Quasi-Biennial Oscillation 11 

westerly (QBOW) and easterly (QBOE) phase, identified from the analysis 12 

of the 2003 to 2020 MERRA-2 and SABER atmospheric data. The 13 

amplitude of the zonal wind in the QBOE phase is approximately ∼10 m/s 14 

stronger than that in the QBOW phase. Mean zonal easterly winds are 15 

stronger in the QBOE phase than in the QBOW phase, while westerly 16 

winds are stronger in the QBOW phase. The Q2DW is present in the 17 

summer, and the background wind is easterly in both hemispheres. The 18 

mean temperature amplitudes of W3 and W4 in the QBOW phase are 19 

stronger than those in the QBOE phase, and the difference is ~2 K and ~3 20 

K (in the Southern Hemisphere); ~2 K and ~3 K (in the Northern 21 

Hemisphere), respectively. The mean wave period of W4 in the QBOW 22 

phase in the Northern Hemisphere is shorter than that in the QBOE phase. 23 

The W3 mode is modulated by atmospheric eigenmodes in both 24 

hemispheres and shows slight differences in the QBOW and QBOE phases, 25 

while the W4 mode is more likely to show significant differences in the 26 

different QBO phases. Our diagnostic analysis suggests that the 27 

amplification of the QBOW phases W3 and W4 may be due to stronger 28 

mean-flow instabilities and background winds in the mesosphere. In 29 

addition, planetary waves gain stronger source activity during the QBOW 30 

phase to provide sufficient energy for propagation and amplification. 31 
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1 Introduction 32 

The Quasi-Biennial Oscillation (QBO) is the most prominent feature 33 

of the equatorial stratospheric circulation (Holton and Tan, 1980; Holton 34 

and Austin, 1991). Since 1953, weakening easterly and westerly winds 35 

have been observed in the lower tropical stratosphere for approximately 28 36 

months (Baldwin et al., 2001; Naujokat, 1986; Veryard and Ebdon, 1961; 37 

Reed et al., 1961). The QBO is sustained mainly by large-scale Kelvin 38 

waves, Rossby gravity, gravity waves, and momentum deposits from 39 

vertical advection. The latitude range of QBO observation is 15˚N-15˚S. 40 

The influence of QBO on the tropical stratosphere and the tropical 41 

troposphere has been well known, for example, the Hadley circulation 42 

(Gray et al., 1992; Zhang et al., 2022; Jiang et al., 2022; Sun et al., 2022; 43 

Reid et al., 2022) and the Madden–Julian Oscillation (Yoo and Son, 2016; 44 

Son et al., 2017; Marshall et al., 2017; Nishimoto and Yoden, 2017; Hood 45 

et al., 2020; Martin et al., 2019). Nao et al. (2010) and Yamashita et al. 46 

(2011) indicate the secondary circulation caused by equatorial QBO is 47 

important in the middle stratosphere, but not in the lower stratosphere. 48 

Peña-Ortiz et al. (2019) studied the effect of QBO on tropical convection 49 

and revealed the regulating effect of QBO on tropical convection. They 50 

found that tropical convection influences stationary waves and polar 51 

vortices in the southern hemisphere during winter. Lu et al. (2014) and 52 

Garfinkel et al. (2012) consider the significance of the meridional 53 
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circulation anomaly caused by QBO extending from subtropical to mid-54 

latitude through the change of refractive index and the modulation of 55 

Rossby wave propagation. 56 

The QBO impacts the extratropical stratosphere by modulating the 57 

strength of the stratospheric polar vortex (Gray et al., 2004; Baldwin et al., 58 

2001; Holton and Austin, 1991; Holton and Tan, 1980). Tian et al. (2019) 59 

believe that QBO has a greater influence on the interannual tropical water 60 

vapor anomalies than El Niño–Southern Oscillation (ENSO) in the middle 61 

and lower stratosphere. For the westerly phase of the QBO (QBOW), the 62 

tropical water vapor interannual anomaly is positive near the tropopause 63 

and in the lower stratosphere, negative in the middle stratosphere, and 64 

positive in the upper stratosphere. Vice versa for the easterly phase of the 65 

QBO (QBOE). Ma et al. (2021) found that the East Asian winter monsoon 66 

in the early winter months is weaker in the QBOE than in the QBOW 67 

during 1958–2019. In addition, they found that the activity of planetary 68 

waves also changes in association with the QBO. Their examination of the 69 

zonal wavenumbers (WNs) of planetary waves in the sea level pressure 70 

(SLP) field shows that WN1 strengthened and WN 2 and WN 3 weakened 71 

during QBOE. 72 

Yamazaki et al. (2020) propose that the tropospheric anomaly 73 

generates a Rossby wave train that propagates into the mid-latitude 74 

troposphere and interferes with stationary waves, especially with 75 
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wavenumber 1, resulting in enhanced upward planetary wave propagation 76 

and weakened polar vortex. Based on the modulation of the 11-year solar 77 

cycle, they concluded that the QBO (QBOE-QBOW) in outgoing 78 

longwave radiation (OLR) was strong in the solar min years with 79 

significantly enhanced convection over the western tropical Pacific. Li et 80 

al. (2020) demonstrated for the first time that the synoptic Rossby waves 81 

enhanced at ~40 hPa in the tropics in February 2016 came from both the 82 

extratropical and the local wave generation. They suggest that the forcing 83 

of the unusually long-lasting westerly zonal phase in the middle 84 

stratosphere (~20 hPa), is mainly caused by the enhanced Kelvin wave 85 

activity. Lu et al. (2019) found that the interannual variation of ~2-5 days 86 

eastward propagating planetary waves was positively correlated with 87 

zonal-mean zonal winds averaged over 67.5°±10°S, but negatively 88 

correlated with the QBO index in the southern winter. In addition, they 89 

believe that the growth rate (stronger wave) of eastward propagating 90 

planetary waves generated by strong polar night jet (PNJ) is greater in 91 

QBOE than in QBOW phase, explaining the QBO-like signal in Antarctic 92 

planetary waves. 93 

The short-period (~2–16 days) planetary Rossby waves propagate 94 

westward relative to the ground, which is primarily caused by the uneven 95 

distribution of sea-land topography and atmospheric temperature. 96 

Planetary waves cause significant perturbations and diurnal variability in 97 

https://doi.org/10.5194/acp-2022-778
Preprint. Discussion started: 14 December 2022
c© Author(s) 2022. CC BY 4.0 License.



6 

 

the dynamics, chemistry, and composition of the mid-latitude stratosphere 98 

and mesosphere (Qin et al., 2021b; Qin et al., 2021a; Iimura et al., 2021; 99 

Liu et al., 2020; Liu et al., 2019; Xiong et al., 2018; Pancheva et al., 2018). 100 

Quasi-2-day waves (Q2DWs) play an important role in planetary wave 101 

observation because of their shorter period and stronger amplitude (Iimura 102 

et al., 2021; Gu et al., 2021; Gu et al., 2019; Pancheva et al., 2018; Kumar 103 

et al., 2018; Gu et al., 2018; Ma et al., 2017; Pancheva et al., 2016). 104 

Previous literature studies mainly focused on the observation of Q2DW 105 

with zonal wavenumbers 2 (W2), 3 (W3), and 4 (W4). The amplitude of 106 

Q2DW W3 is the strongest among the three modes in the Southern 107 

Hemisphere (SH), and W4 is relatively strong in the Northern Hemisphere 108 

(NH). The amplitude of W2 is relatively weaker than that of W3 and W4 109 

in both hemispheres, but it can nevertheless be measured by space-based 110 

detectors. The propagation and amplification of Q2DWs are closely related 111 

to a theory of normal modes. (Salby, 1981a; Salby, 1981b) believed that 112 

W3 and W4 were Rossby-gravity wave modes (3, 0) and (4, 0), respectively, 113 

in the real atmosphere, which could modulate and extract energy through 114 

the background mean flow. However, Plumb et al. (1983) suggested that 115 

the amplification and propagation of Q2DWs might be the result of the 116 

barotropic/baroclinic instability in the middle-high latitudes of the summer 117 

hemisphere. Previous studies have extensively discussed the mechanism of 118 

dual propagation and amplification of Q2DWs. Q2DWs are usually 119 
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defined as having the characteristics of normal modes while being 120 

amplified due to barotropic/baroclinic instabilities.  121 

The WACCM + data assimilation research method was proposed by 122 

(Gu et al., 2016). They found that the largest Q2DWs amplitudes in the SH 123 

during 2007 occurred in early Jan (W2), late Jan (W3), and late Feb (W4), 124 

respectively, and indicated that background conditions in these three 125 

periods favored the propagation and amplification of these three modes. 126 

Mccormack et al. (2014) used the data assimilation system from the 127 

NOGAPS-ALPHA during 2007-2009 to find the changes between Q2DWs 128 

and migrating diurnal tides. In addition, the short-term variation of 129 

migrating diurnal tides may be caused by the nonlinear interaction between 130 

tidal waves and Q2DWs (Chang et al., 2011). Gu et al. (2021) found that 131 

W3 and W4 occurred more frequently around 48 h, while W2 tended to be 132 

short-period events. In addition, they found that the wave periods of W3 133 

and W4 rise during the late summer in the Northern Hemisphere. Tang et 134 

al. (2021) found the eastward wave in winter periods and westward 135 

background wind in both hemispheres. In addition, they observed that the 136 

mean phase speeds of zonal wavenumbers -1 (E1), -2 (E2), -3 (E3), and -4 137 

(E4) were relatively stable, which are ~53 m/s, ~58 m/s, ~55 m/s, and ~52 138 

m/s, respectively, at 70˚ latitude. Their diagnostic analysis suggests that 139 

mean-flow instabilities in the upper stratosphere and mesosphere may be 140 

responsible for the amplification of PWs.  141 
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Previous works have independently investigated anomalous 142 

phenomena of QBO and perturbations of atmospheric circulation and 143 

monsoons, and studies of planetary waves have focused more on variable 144 

wave properties. Few previous studies have explored the relationship 145 

between QBO and planetary waves in detail. Therefore, the present study 146 

focuses on exploring the QBOE/QBOW contributions to W4 and W3 147 

during the 2003-2020 summer. 148 

In this study, we use the Thermosphere, Ionosphere, Mesosphere, 149 

Energetics, and Dynamics (TIMED) satellite and the second modern 150 

retrospective research and application analysis (MERRA-2) datasets to 151 

investigate the contribution of QBO to W3 and W4 westward propagating 152 

waves in the mesosphere during the 2003-2020 summer period. 153 

Specifically, we investigate the distribution of W3 and W4 in QBOE and 154 

QBOW, as well as the variability of planetary waves in different phases; 155 

Also, the role of instabilities, background wind structure, and critical layers 156 

in propagation and amplification. The remainder of the paper is structured 157 

as follows. In Sec. 2, two kinds of datasets and diagnostic analysis and 158 

planetary wave fitting methods used in our study are introduced: the 159 

SABER datasets used to observe Q2DWs, the datasets required for 160 

diagnostic analysis (MERRA2), and the method of diagnostic analysis. In 161 

Sec. 3, we explore the differences between W4 and W3 events during the 162 

2003 to 2022 QBOW and QBOE phases, including the mean temperature 163 
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structure, instabilities, and background winds, and reveal the mechanism 164 

of W3 and W4 propagation and amplification in QBOW and QBOE phases. 165 

Sec. 4 provides a summary and conclusions. 166 

2 Datasets and Analysis Method 167 

The long-term Sounding of the Atmosphere using Broadband 168 

Emission Radiometry (SABER) observations located on the TIMED 169 

satellite was launched in July 2001 with the mission of studying the human 170 

influence on the least detected and recognized regions of Earth’s 171 

atmosphere: the mesosphere, lower thermosphere, and ionosphere (MLTI). 172 

The SABER data set is optimal for studying the variability of Q2DWs, as 173 

they completely cover the vertical region of the mid-atmosphere where the 174 

waves are strongest. The SABER temperature data focuses on a region of 175 

approximately 20 to 120 km, with vertical and latitude resolutions of 4km 176 

and 4°, respectively. In addition, the combined effects of random and 177 

systematic errors in the lower and middle stratosphere are ~1.4 K and ~1 178 

K, respectively (Remsberg et al., 2008). The SABER sampling has two 179 

positions of ~50°S-80°N and ~80°S-50°N, changing every ~60 days. These 180 

data are widely used to study the mid-atmosphere, such as planetary waves, 181 

tidal waves, and climate variability in the mesosphere and lower 182 

thermosphere (Lu et al., 2019; Liu et al., 2019; Gu et al., 2019; Gu et al., 183 

2018; Huang et al., 2013). These studies suggest that the TMED/SABER 184 

data are plausible and therefore appropriate for our investigation. The 185 
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Q2DW events were extracted from the temperature data measured by 186 

SABER from 2002 to 2020, were observed at ~30-40°(S/N) and ~67-73 187 

km for W4, and ~30-40°S and ~79-85 km; ~30-40°N and ~67-73 km for 188 

W3. 189 

The Second Modern Era-Retrospective Analysis for Research and 190 

Applications (MERRA-2) reanalysis data (Gelaro et al., 2017) are used to 191 

provide a background environment from the surface to the top boundary of 192 

~80 km for characterizing the Q2DWs. So far, MERRA-2 produced real 193 

QBO in zonal winds, mean meridional circulation, and ozone (Coy et al., 194 

2016). The temporal resolution (~1 h), vertical resolution (~2-3 km), and 195 

spatial resolution (~0.5*0.625) of MERRA-2 data were fixed. The 196 

MERRA-2 data have numerous applications in polar atmospheres, 197 

planetary waves, climate change rates, atmospheric circulation, etc. These 198 

studies validate the authenticity of the MERRA-2 data. The long-term 199 

MERRA-2 data from 2003 to 2020 were used to diagnose the contribution 200 

of QBO with different phases to W3 and W4 during the summer and to 201 

analyze background winds, instabilities, source activity, and critical layer 202 

variability. 203 

A least-squares fitting method was used to fit the SABER temperature 204 

observations and extract W3 and W4 for the summer period. In our analysis, 205 

we use a temporal window of ~6 days to analyze the fluctuations of the 206 

period from ~36 to ~60 h in a step of ~2 h. We extract the maximum 207 
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amplitude and the corresponding period from the analysis window. 208 

cos[2 ( )] sin[2 ( )]y A t s B t s C     =  +  +  +  +         (1) 209 

The amplitude of a planetary wave can be defined as 2 2R A B= + . 210 

The fitted parameter variables are A, B, and C in Formula (1), respectively. 211 

The planetary wave frequency and zonal wavenumber correspond to   212 

and s , respectively. The UT time and longitude of the satellite sample are 213 

t  and   respectively. C denotes a zonal mean temperature. 214 

Planetary waves in the lower atmosphere are absorbed or reflected by 215 

the critical layer as they propagate upwards. Planetary waves that gain 216 

sufficient energy in the unstable region are amplified by reflection. In other 217 

words, the critical layer has an important effect on the amplification and 218 

propagation of planetary waves (Liu et al., 2004). In the critical layer, the 219 

phase speed (c) is equal to the background zonal wind ( u). 220 
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              (2) 221 

In the spatial structure of the atmosphere, barotropic/baroclinic 222 

instability may occur in regions with negative latitudinal gradients and 223 

quasigeostrophic potential vorticity ( q ). Previous studies have shown that 224 

instability contributes to the amplification and propagation of planetary 225 

waves. 226 

In Equation (2), the Coriolis parameter, Earth radius, and background 227 

air density correspond to f  , a   and   , respectively;    is the angular 228 
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speed of the Earth’s rotation; u   is the zonal mean zonal wind;    is the 229 

latitude; N is the buoyancy frequency; subscripts z and φ are the vertical 230 

and latitudinal gradients. 231 

3 Results and Discussion 232 

Figure 1a confirms that the amplitude of mean zonal winds at 40 hPa 233 

above the equator from 2003 to 2020 varies from -20m/s (easterly) to 20 234 

m/s (westerly), obtained from MERRA-2, as shown by periodic changes in 235 

phase with intervals of ∼28 months. In Figure 1b, the blue line represents 236 

the QBO index (latitude 0 and 40 hPa), obtained from MERRA-2, the red 237 

shade is the zonal wind -5 m/s to 5 m/s, and   and * represent the W3 and 238 

W4 events. Red for the southern hemisphere and green for the northern. 239 

Annual mean zonal wind variability can be found, with anomalous zonal 240 

wind variability in the QBO in 2010, 2012, 2016, and 2018. The maximum 241 

amplitude of the 2010 zonal wind reaches ∼-29 m/s, which is close to the 242 

maximum in the QBOE phase. The amplitude of the zonal wind is 243 

significantly stronger in the QBOE phase than in the QBOW phase, 244 

reaching ∼-25 m/s and ∼15 m/s, respectively. 245 

Dates of W3 and W4 Q2DW events from 2003 to 2020, obtained with 246 

SABER. The southern hemisphere W3 observations were extracted from 247 

~79-85 km and ~30-40°S; W4 is extracted from ~67-73 km and ~30-40°S. 248 

The northern hemisphere W3 and W4 observations were extracted from 249 

~67-73 km and ~30-40°N. We mainly study the Q2DW difference between 250 
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QBOW and QBOE phases, so the following analysis will eliminate the 251 

events with insignificant phase changes (red shading). The W3 and W4 252 

events in the QBOW phase of the Southern Hemisphere summer were 253 

found to be distributed in 2003, 2005, 2007, 2009, 2011, 2014, and 2017. 254 

The W3 and W4 events in the QBOE phase were distributed in 2004, 2006, 255 

2008, 2013, and 2015. Similarly, W3 and W4 events in the QBOW phase 256 

during the Northern Hemisphere summer were distributed in 2004, 2006, 257 

2008, 2009, 2011, 2013, 2017, and 2019. In the QBOE phase, W3 and W4 258 

events are assigned to the years 2003, 2005, 2007, 2010, 2012, 2015, 2016, 259 

2018, and 2020. 260 

Figure 2 shows the seasonal variation of QBOW and QBOE mean 261 

zonal wind at 70°(S/N), obtained from MERRA-2, and the QBOW-QBOE 262 

difference from 2003 to 2020. Figures 2a and 2c show that the background 263 

means zonal winds in the Southern Hemisphere are easterly in summer and 264 

westerly in winter, with the maximum westerly fluctuations being lower 265 

and stronger than the easterly ones. During the QBOW phase, mean zonal 266 

winds in the Southern Hemisphere reach maximum easterly winds of ∼-40 267 

m/s at ~70 km in late December-early January. In August-September, 268 

westerly winds at ~50 km reach ∼75 m/s. Similarly, in the QBOE phase, 269 

the maximum easterly wind at ~70 km reaches ∼-42 m/s from late 270 

December to early January, and the maximum westerly wind at ~50 km 271 

reaches ∼66 m/s from late August to early September. Figure 2e shows the 272 
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difference between QBOW and QBOE in the Southern Hemisphere. The 273 

QBOE has stronger easterly winds at 60-80 km than the QBOW in summer, 274 

with a maximum difference of ∼3 m/s. Westerly winds are stronger in the 275 

QBOW than in the QBOE at ~40-60 km in winter, with a maximum 276 

difference of ~22 m/s.  277 

Similarly, Figures 2b and 2d show that the background means zonal 278 

winds in the Northern Hemisphere are westerly in winter and easterly in 279 

summer. Mean zonal winds in the QBOW phase reach maximum westerly 280 

winds of ∼58 m/s at ~70 km in December and easterly winds of ∼-42 m/s 281 

at ~70 km in late June-early July. Similarly, the maximum westerly wind 282 

at ~50 km during the QBOE phase in early January reaches ∼46 m/s, and 283 

the maximum easterly wind at ~70 km in July reaches ∼-43 m/s. Figure 2f 284 

shows the difference between QBOW and QBOE in the Northern 285 

Hemisphere. QBOW has stronger westerly winds at ∼40-80 km in winter 286 

than QBOE, with a maximum difference of ∼42 m/s, while QBOE has 287 

stronger westerly winds at ∼20-60 km in winter around Jan, with a 288 

difference of ∼30 m/s. Easterly winds at ∼60-80 km are stronger in the 289 

QBOE than in the QBOW during the summer months, with a maximum 290 

difference of ∼2 m/s. 291 

Figure 3 shows the spectral and temperature spatial structure of W3 292 

and W4 in the 2006 and 2007 QBOW and QBOE phases, and the difference 293 

in their spatial structure in the QBOW and QBOE phases. Figure 3A1-3A2 294 
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(3B1-3B2) and 3A3-3A4 (3B3-3B4) show the event analysis of the 2006 295 

QBOE and 2007 QBOW phases of W3 (W4) in the Southern Hemisphere. 296 

Figure 3A1 shows the least-squares fitted spectra of SABER temperature 297 

of QBOE phase W3 at ~80 km and ~30-40°S during 13-19 days 2006. The 298 

wavenumber 3 signal with a period of ∼43 h is distinctly dominant 299 

throughout the spectrum. Figure 3A2 shows the corresponding temperature 300 

space structure. The temperature spatial structure of W3 reaches a 301 

maximum of ~17 K at ~30-40˚S and ~82 km, and the remaining reaches a 302 

maximum of ~12 K (~68 km). Similarly, Figure. 3A3, the spectrum of W3 303 

in QBOW phase is observed at ~80 km and ~30-40°S on 21-27 days 2007, 304 

when wavenumber 3 becomes the main wave mode and the wave period, 305 

is ~52 h. Figure 3A4 shows that the temperature spatial structure of W3 306 

reaches a maximum of ~14 K at ~30-40˚S and ~82 km. Figure 4A5 shows 307 

that the temperature amplitude of W3 is weaker in the QBOW phase than 308 

in the QBOE phase, with the maximum difference reaching ~7 K. Figure 309 

3B1 shows the observed spectra of W4 in QBOE at ~70 km and ~30-40°S 310 

at 45-51 days 2006, and the wave period of locked wavenumber 4 is ~65 311 

h. Figure 3B2 shows that the temperature spatial structure of W4 is ~2 K 312 

at ~30-40˚S and ~68 km. Similarly, Figure. 3B3, the spectrum of W4 in 313 

QBOW phase is observed at ~70 km and ~30-40°S on 41-47 days 2007, 314 

when wavenumber 3 becomes the main wave mode and wave period is ~49 315 

h. Figure 3B4 shows that the temperature spatial structure of W4 reaches a 316 
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maximum of ~4 K at ~30-40˚S and ~68 km. Figure 4B5 shows that the W4 317 

temperature amplitude is stronger in the QBOW phase than in the QBOE 318 

phase, with the maximum difference reaching ~3 K. 319 

Figure 3C1-3C2 (3D1-3D2), and 3C3-3C4 (3D3-3D4), show the 2006 320 

QBOW and 2007 QBOE phase events of W3 (W4) in the Northern 321 

Hemisphere. Figure 3C1 shows the 194-200 days 2006 spectrum of W3 at 322 

~70 km and ~30-40°N in the QBOW phase. The wavenumber 3 signal with 323 

a period of ∼47 h is distinctly dominant throughout the spectrum. As 324 

shown in Figure 3C2, the temperature spatial structure of W3 reaches a 325 

maximum value of ~7 K at ~30-40˚N and ~82 km, and another value of ~6 326 

K (~68 km). Similarly, Figure. 3C3, the spectrum of W3 in the QBOE 327 

phase is observed at ~70 km and ~30-40°N on 198-204 days 2007, when 328 

wavenumber 3 becomes the main wave mode and wave period is ~53 h. 329 

Figure 3C4 shows that the temperature spatial structure of W3 reaches a 330 

maximum of ~6 K at ~30-40˚N and ~68 km. Figure 4C5 shows that the W3 331 

temperature amplitude is stronger in the QBOW phase than in the QBOE 332 

phase, with the maximum difference reaching ~2 K. Figure 3D1 shows the 333 

observed spectra of W4 in QBOW at ~70 km and ~30-40°N at 210-216 334 

days 2006, with a wave period of ~47 h for locked wavenumber 4. Figure 335 

3D2 shows that the temperature spatial structure of W4 is ~10 K (~8 K) at 336 

~30-40˚N and ~68 km (~82 km), respectively. Similarly, in Figure 3D3, the 337 

spectrum of W4 in the QBOE phase is observed at ~70 km and ~30-40°N 338 
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on 180-186 days 2007, when the wavenumber 4 becomes the main wave 339 

mode and the wave period is ~49 h. Figure 3D4 shows that the temperature 340 

spatial structure of W4 reaches a maximum of ~6 K at ~30-40˚N and ~68 341 

km. Figure 4D5 shows that the W4 temperature amplitude in the QBOW 342 

phase is almost two times stronger than that in the QBOE phase, with the 343 

maximum difference reaching ~7 K. 344 

3.1 In the Southern Hemisphere 345 

Spatial structure of mean temperature extracted from events W3 and 346 

W4 in the Southern Hemisphere QBOW and QBOE phases from 2003 to 347 

2020 (see Figure 4). As shown in Figure 4a, the mean temperature spatial 348 

structure of W3 in the QBOW phase has two peak amplitudes at ~68 km 349 

and ~82 km at 30-40˚S, which are ~8 K and ~13 K respectively. The spatial 350 

structure of W3 in the QBOE phase also has a bimodal structure with 351 

maximum fluctuations at ~30-40˚S and ~82 km with an amplitude of ~12 352 

K (Figure 4b). The other peak is at ~68 km, at ~8 K. Figure 4c shows the 353 

difference of W3 in the QBOW and QBOE phases. It is clear that the 354 

temperature amplitude of W3 is stronger in the QBOW phase at ~30-40˚S 355 

and ~70-90 km than in the QBOE phase, and the maximum difference 356 

reaches ~2 K. 357 

Similarly, the mean temperature spatial structure of W4 in the QBOW 358 

phase has two peaks at ~30-40˚S with amplitudes of ~68 km and ~82 km 359 

at ~5 K and ~4 K, respectively (Figure 4d). As shown in Figure 4e, the 360 
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fluctuation amplitude of W4 in the QBOE phase is ~2 K at ~30-40˚S and 361 

~70 km (~82 km). Figure 4f shows the difference between W4 in the 362 

QBOW and QBOE phases. It is clear that the temperature amplitude of W4 363 

in the QBOW phase at ~25-50˚S and ~65-90 km is stronger than that in the 364 

QBOE phase, being nearly twice as strong, and the maximum difference 365 

reaches ~3 K. 366 

Figures 5a and 5b show the results of the diagnostic analysis for W3 367 

events in the QBOW and QBOE phases, respectively. W3 in the QBOW is 368 

more favorable for dispersal during the Southern Hemisphere summer, 369 

largely amplified by the mean flow instability between 40-60˚S and ∼70-370 

80 km and the appropriate background winds. In addition, the wave-mean 371 

flow interaction near the critical layer (~48 h) of the green curve is 372 

conducive to the propagation and amplification of W3 (Figure 5a). As 373 

shown in Figure 5b, wave-mean flow interactions of W3 in the QBOE near 374 

the critical layer of the green curve (~47 h) and instability and background 375 

winds in the range of ~40-60˚S and ~70-80 km provide energy for 376 

propagation and amplification. It can be found that the background winds 377 

and instabilities of W3 are stronger in the QBOE phase than in the QBOW 378 

phase. Figures 5c and 5d illustrate the diagnostic analysis of W4 at the 379 

QBOW and QBOE phases, respectively. It is more likely that W4 in 380 

QBOW propagates during the Southern Hemisphere summer, with mean-381 

flow instabilities and background winds providing sufficient energy to 382 
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significantly propagate and amplify W4 at mid-high latitudes and ∼70-80 383 

km. In addition, W4 is amplified and propagated by wave-mean flow 384 

interactions near the critical layer (~52 h) of the green curve (Figure 5c). 385 

As shown in Figure 5d, the instability and background wind of W4 in the 386 

QBOE at ~40-60˚S and ~70-80 km, as well as wave-mean flow interactions 387 

near the critical layer of the green curve (~51 h), provide energy for 388 

propagation and amplification. The instability of W3 and the background 389 

wind is weaker in the QBOW phase than in the QBOE phase, which is 390 

inconsistent with the spatial structure result. We suspect that the Southern 391 

Hemisphere W3 mode is mainly affected by the atmospheric eigenmodes 392 

and that the difference between the mean temperature amplitudes in the 393 

QBOW and QBOE phases is small. However, the W4 instabilities and 394 

background winds are stronger in the QBOW phase than in the QBOE 395 

phase, in agreement with the spatial structure results. 396 

3.2 In the Northern Hemisphere 397 

Spatial structure of mean temperature extracted from W3 and W4 398 

events during the Northern Hemisphere QBOW and QBOE phases from 399 

2003 to 2020 (see Figure 6). As shown in Figure. 6a, the mean temperature 400 

spatial structure of W3 in the QBOW phase has two peak amplitudes at 401 

~68 km and ~82 km of 30-40˚N, which are ~6 K and ~6 K, respectively. 402 

The spatial structure of W3 in the QBOE phase is unimodal, with the 403 

largest fluctuation at ~30-40˚N and ~68 km, with an amplitude of ~4 K 404 
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(Figure 6b). Figure 6c shows the difference between W3 in the QBOW and 405 

QBOE phases. The results show that the temperature amplitude of the 406 

QBOW phase of W3 at ~30-40˚N and ~70-90 km is stronger than that of 407 

the QBOE phase, and the maximum difference reaches ~2 K. As shown in 408 

Figure 6d, the mean temperature spatial structure of W4 in the QBOW 409 

phase has two peaks at ~30-40 ˚N, with amplitudes of ~68 km and ~82 km 410 

at ~7 K and ~4 K, respectively. As shown in Figure 6e, the fluctuation 411 

amplitude of W4 in the QBOE phase is ~5 K (~ 4K) at ~30-40˚N and ~68 412 

km (~82 km). Figure 6f shows the difference between W4 in the QBOW 413 

and QBOE phases. It can be seen that the temperature amplitudes of W4 at 414 

~30-40˚N and ~65-90 km of the QBOW phase are nearly twice stronger as 415 

those of the QBOE phase, and the maximum difference reaches ~3 K. 416 

Figures 7a and 7b show the results of the diagnostic analysis for W3 417 

events in the QBOW and QBOE phases, respectively. W3 in the QBOW is 418 

more conducive to propagation and amplification in the Northern 419 

Hemisphere summer due to mean flow instability between 40 and 60˚N 420 

and 70 to 80 km and appropriate background winds. In addition, the wave-421 

mean flow interaction near the critical layer of the green curve (~51 h) is 422 

favorable for W3 propagation and amplification (Figure 7a). As shown in 423 

Figure 7b, wave-mean flow interactions of W3 in the QBOE near the 424 

critical layer of the green curve (~51 h) and instability and background 425 

winds in the range of ~40-60˚N and ~70-80 km provide energy for 426 
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propagation and amplification. It can be found that the background winds 427 

and instabilities of W3 are stronger in the QBOW phase than in the QBOE 428 

phase. Figures 7c and 7d show the diagnostic analysis of W4 at the QBOW 429 

and QBOE phases, respectively. W4 in QBOW is more likely to propagate 430 

during the Northern Hemisphere summer months, as mean-flow 431 

instabilities and background winds at mid-latitudes and ∼70-80 km 432 

provide sufficient energy to significantly enhance W4 propagation and 433 

amplification. In addition, W4 is amplified and propagated by wave-mean 434 

interactions near the critical layer (~43 h) of the green curve (Figure 7c). 435 

As shown in Figure 7d, the instability and background wind of W4 in the 436 

QBOE at ~40-60˚N and ~70-80 km, as well as wave-mean flow 437 

interactions near the critical layer of the green curve (~47 h), provide 438 

energy for propagation and amplification. It can be seen that the instability 439 

of W3 and the background wind is stronger in the QBOW phase than in the 440 

QBOE phase, which is consistent with the spatial structure results. 441 

Similarly, the W4 instabilities and background winds are stronger in the 442 

QBOW phase than in the QBOE phase, in agreement with the spatial 443 

structure results. We suspect that the differences between the mean 444 

temperature amplitudes of the W3 and W4 types in the QBOW and QBOE 445 

phases in the Northern Hemisphere are dominated by background 446 

atmospheric instabilities and winds. 447 

3.3 Comparison between SH and NH 448 
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Figure 8 shows the difference in mean background zonal winds 449 

between W3 and W4 events at the QBOW and QBOE phases in the 450 

Northern and Southern Hemispheres. Figures 8a and 8b show the 451 

difference between W3 and W4 in the Southern Hemisphere. Figure 8a 452 

shows that the mean background zonal wind of W3 at QBOW phase is 453 

weaker than that of QBOE phase on the whole, and the mean background 454 

zonal wind at ~50-70˚S and ~60-80 km (red dashed box) reaches ~8 m/s. 455 

The difference between ~20˚S-20˚N and ~50 km reaches ~35 m/s. The 456 

mean background zonal wind of W4 in the QBOW phase is stronger than 457 

that in the QBOE phase, and the difference between the mean background 458 

zonal wind at ~40-60˚S and ~50-70 km (red dashed box) is ~6 m/s. The 459 

difference between ~20˚S-20˚N and ~50 km reaches ~10 m/s (Figure 8b). 460 

We argue that the zonal winds of W3 in the Southern Hemisphere are 461 

stronger in the QBOE than in the QBOW, but with opposite temperature 462 

amplitudes, because the propagation and amplification of W3 in the 463 

Southern Hemisphere are affected by atmospheric intrinsic models. 464 

However, the zonal winds of W4 in the Southern Hemisphere are stronger 465 

than those of the QBOE in the QBOW, which is consistent with the 466 

structure of the temperature amplitude, suggesting that the propagation and 467 

amplification of W4 in the Southern Hemisphere are susceptible to 468 

atmospheric background variability. 469 

Figures 8c and 8d show the difference between W3 and W4 in the 470 
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Northern Hemisphere. Figure 8c shows that the mean background zonal 471 

wind of W3 in the QBOW phase is stronger than that of the QBOE phase 472 

as a whole, and the mean background zonal wind at ~50-70˚N and ~60-80 473 

km (red dashed box) reaches ~6 m/s. The difference between ~20˚S-20˚N 474 

and ~50 km reaches ~11 m/s; The difference between ~5-25˚N and ~60 km 475 

reaches ~11 m/s. The mean background zonal wind of W4 in the QBOW 476 

phase is stronger than that in the QBOE phase, and the difference between 477 

the mean background zonal wind at ~40-60˚N and ~50-70 km (red dashed 478 

box) is ~7 m/s. The difference between ~20˚S-20˚N and ~50 km reaches 479 

~16 m/s (Figure 8d). We believe that the zonal winds of W3 and W4 in the 480 

northern hemisphere are stronger in the QBOW than in the QBOE, 481 

consistent with the temperature amplitude results because the propagation 482 

and amplification of W3 and W4 in the Northern Hemisphere are 483 

susceptible to changes in the atmospheric background. 484 

Figure 9 shows the geopotential height (GPH) amplitudes derived 485 

from the MERRA2 data at 10 hPa for the Southern Hemisphere W3 and 486 

W4 events during the QBOW and QBOE phases, as well as the differences 487 

between the QBOW and QBOE phases. The red line region is the primary 488 

occurrence date of W3 and W4. Figure 9a shows the GPH amplitude of W3 489 

in the QBOW phase, which reaches a maximum amplitude of ~20 m in the 490 

15–30 days source region. The maximum amplitude at the QBOE phase is 491 

~18 m (Figure 9b). As shown in Figure 9c, the difference of W3 in QBOW 492 
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and QBOE phases (red dashed box) reaches a maximum of ~11 m. Figure 493 

9d shows the GPH amplitude of W4 in the QBOW phase, which reaches 494 

~9 m in the 15–30 days source region. The maximum amplitude at the 495 

QBOE phase is ~7 m (Figure 9e). As shown in Figure 9f, the difference 496 

between the QBOW and QBOE phases of W4 (red dashed box) reaches a 497 

maximum of ~3 m. We conclude that the source activity in the Southern 498 

Hemisphere of W3 and W4 in the QBOW phase provides stronger energy 499 

than in the QBOE phase to facilitate the propagation and amplification of 500 

W3 and W4 in the Southern Hemisphere. 501 

Figure 10 shows the GPH amplitudes of the W3 and W4 events in the 502 

Northern Hemisphere during the QBOW and QBOE phases, as well as the 503 

difference between the QBOW and QBOE phases. The red line region is 504 

the primary occurrence date of W3 and W4. Figure 10a shows the GPH 505 

amplitude of W3 in the QBOW phase, which reaches ~12 m in the source 506 

region at 195-210 days. The maximum amplitude at the QBOE phase is 507 

~11 m (Figure10b). As shown in Figure 10c, the difference between the 508 

QBOW and QBOE phases of W3 (red dashed box) reaches a maximum of 509 

~3 m. Figure 10d shows the GPH amplitude of W4 in the QBOW phase, 510 

with a maximum amplitude of ~4 m in the source region from 195 to 210 511 

days. The maximum amplitude at the QBOE phase is ~3 m (Figure 10e). 512 

As shown in Figure 10f, the difference between the QBOW and QBOE 513 

phases of W4 (red dashed box) reaches a maximum of ~2 m. We believe 514 
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that the easy propagation and amplification of W3 and W4 in the Northern 515 

Hemisphere during the QBOW phase is because the source activity of W3 516 

and W4 is stronger in the QBOW than in the QBOE, providing more energy. 517 

4 Summary and Conclusions 518 

We present the first extensive study of the differences between W3 519 

and W4 in the QBOW and QBOE phases, identified from the analysis of 520 

the temperature and wind observations from 2003 to 2020 with SABER 521 

and MERRA-2. We first analyze the differences between the 2006/2007 522 

QBOW and QBOE phases for W3 and W4, since 2006/2007 is 523 

representative of the entire range from 2003 to 2020. W3 and W4 events 524 

from 2003 to 2020 were identified using a two-dimensional least-squares 525 

fit. W4 was observed at ~30-40°(S/N) and ~67-73 km, while W3 was 526 

observed at ~30-40°S and ~79-85 km. W3 was observed at ~30-40°N and 527 

~67-73 km. Our study covers events in both the Northern and Southern 528 

hemispheres and provides a comprehensive diagnostic analysis of their 529 

propagation and amplification in the QBOW and QBOE phases. The main 530 

findings of this study are summarized below: 531 

1. The mean zonal wind amplitude at the equator is stronger in the QBOE 532 

than in the QBOW. Easterly wind amplitudes at 70˚(S/N) and ~70 km (in 533 

early January/middle July) were stronger in QBOE than in the QBOW 534 

phase. Westerly wind amplitudes at 70˚(S/N) and ~70 km (in early 535 

August/late February) were stronger in QBOW than in the QBOE phase. 536 
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2. In 2006, the temperature spatial structure of the southern hemisphere W3 537 

in the QBOE phase showed a bimodal structure with amplitudes of ~17 K 538 

and ~12 K at ~68 km and ~82 km, respectively, while the QBOW phase 539 

showed a unimodal structure with a maximum amplitude of ~14 K at ~82 540 

km. 541 

3. The mean temperature amplitudes of W3 and W4 in both hemispheres 542 

are stronger in the QBOW phase than in the QBOE phase. At the same time, 543 

their instabilities and background winds are stronger in the QBOW phase 544 

than in the QBOE phase, except W3 in the Southern Hemisphere. 545 

4. Q2DW is more favorable for propagation in the summer hemisphere of 546 

the QBOW phase, where the mean flow instability and appropriate 547 

background winds in the mid-latitude between 40 km and 80 km 548 

considerably amplify planetary wave propagation. Moreover, the 549 

amplification of planetary waves via wave-means flow interactions can 550 

easily occur near their critical layer. 551 

5. The source activity in the QBOW phase of W3 and W4 in both 552 

hemispheres is more likely to generate sufficient energy to facilitate the 553 

propagation and amplification of W3 and W4 in the QBOW phase than in 554 

the QBOE phase. 555 

Overall, this study reveals a difference between the dynamics of mid-556 

latitude westward planetary waves in the QBOW and QBOE phases.  557 
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 753 

Figure 1. MERRA-2 zonal mean zonal wind between 20°S and 20°N at 754 

40 hPa (1a) during 2003-2020. (1b) QBO index (blue line) at 0° and 40 hPa; 755 

Dots are the occurrence dates of the maximum amplitudes of W3 (*) and 756 

W4 (o). The red/green dots highlight SH/NH. The red-shaded region is the 757 

mean zonal wind at -5m/s to 5m/s (1b). 758 

 759 

Figure 2. Seasonal variations of the zonal mean zonal wind amplitudes in 760 

QBOW and QBOE and differences of QBOW-QBOE during 2003-2020 761 

for (a and c) MERRA-2 zonal mean wind in QBOW and QBOE at the 70S, 762 
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(b and d) zonal mean wind in QBOW and QBOE at 70N, and (e and f) 763 

differences of zonal mean winds in QBOW to QBOE. The dashed red 764 

boxes in Figures 2e and 2f highlight the regions where the zonal mean wind 765 

enhancement is observed. 766 

 767 

Figure 3. The (3A1, 3A3, 3B1, 3B3, 3C1, 3C3, 3D1, and 3D3) spectra and 768 

(3A2, 3A4, 3B2, 3B4, 3C2, 3C4, 3D2, and 3D4) structures of the W3 and 769 

W4 quasi-2-day wave events during 2006/2007 summer period. 770 

Differences of temperature amplitude in QBOW to QBOE (3A-D5). The 771 

2006 SABER temperature observations during days 13–19 (3A1), days 45–772 

51 (3B1), days 194-200 (3C1), and days 210-216 (3D1) are used; during 773 

2007 days 21-27 (3A3), days 41-47 (3B3), days 198-204 (3C3), and days 774 

180-186 (3D3) are used. Figures 3A1-3A2 and 3B1-3B2 are W3 and W4 775 

of the 2006 summer QBOE phase; Figures 3A3-3A4 and 3B3-3B4 are W3 776 

and W4 of the 2007 summer QBOW phase. Figures 3C1-3C2 and 3D1-777 

3D2 are W3 and W4 of the 2006 summer QBOW phase; Figures 3C3-3C4 778 
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and 3D3-3D4 are W3 and W4 of the 2007 summer QBOE phase. The 779 

dashed red boxes in Figures 3A-D5 highlight the regions where the 780 

temperature amplitude enhancement is observed. 781 

 782 

Figure 4. The spatial structure of the mean temperatures of the W3 and W4 783 

Q2DWs during the Southern Hemisphere summer is captured in Figures 784 

4a-4b and 4d-4e, respectively. The temperature amplitudes of the W3 and 785 

W4 events in the QBOW and QBOE were extracted from the SABER 786 

temperature data, respectively. Differences of temperature amplitude in 787 

QBOW to QBOE (4c, 4f). The dashed red box highlights the region where 788 

the observed enhancement of the temperature amplitude is observed. 789 
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 790 

Figure 5. Diagnostic analysis results of the QBOW (Figures 5a and 5c) 791 

and QBOE (Figures 5b and 5d) quasi-two-day waves for W3 (Figures 5a 792 

and 5b) and W4 (Figures 5c and 5d). The blue-shaded region is the 793 

instability, the red line is the QBO phase, the cyan line is the null wind, and 794 

the green line is the critical layer. The green line shows the critical layer 795 

E1 with the mean period. 796 

 797 

Figure 6. Same as Figure 4 but for W3 and W4 during the Northern 798 

Hemisphere summer. 799 
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 800 

Figure 7. Same as Figure 5 but for W3 and W4 during the Northern 801 

Hemisphere summer. 802 

 803 

Figure 8. Differences in the zonal mean winds from QBOW to QBOE in 804 

SH and NH. (8a, 8c) W3 and (8b, 8d) W4 amplitudes, respectively. 805 
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 806 

Figure 9. Temporal variations of GPH of the QBOW (Figures 9a and 9d) 807 

and QBOE (Figures 9b and 9e) for W3 (Figures 9a and 9b) and W4 808 

(Figures 9d and 9e) during Southern Hemisphere summer. Regions 809 

enclosed by solid red lines are characterized by the date of major 810 

occurrence of W3 and W4. The dashed red box highlights the region where 811 

an enhancement of the observed GPH amplitude is observed. 812 

 813 

Figure 10. Same as Figure 9 but for W3 and W4 during the Northern 814 

Hemisphere summer. 815 
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