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Key Points: 7 

• The seasonal variation of zonal wind reversal is reproduced in the model by applying an 8 

anisotropic gravity wave parameterization scheme. 9 

• An inertial gravity wave parameterization scheme is introduced in the model to alleviate 10 

the winter stratospheric jet and the cold-pole bias. 11 

• The simulated wind structure in the stratosphere and mesosphere with the updated gravity 12 

wave parameterization scheme is more comparable to observations.  13 
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Abstract 14 

The observed seasonal variation of zonal wind reversal in the mesosphere and lower 15 

thermosphere (MLT) is often not well captured in whole atmosphere general circulation models 16 

(GCMs) with current gravity wave parameterization schemes. In this study, we investigate the 17 

possible physical mechanisms controlling this seasonal variation. It is found that adaptation of an 18 

anisotropic parameterized gravity wave source spectrum with stronger eastward and weaker 19 

westward propagating waves can reproduce this seasonal feature. Furthermore, additional 20 

stratospheric forcing is needed to control the large winter stratospheric zonal wind and alleviate 21 

the “cold-pole” problem in the southern winter. This is accomplished by the application of an 22 

inertial gravity wave parameterization scheme. With these changes, the Whole Atmosphere 23 

Community Climate Model with thermosphere and ionosphere extension (WACCM-X) can 24 

produce zonal mean zonal wind that is in better agreement with climatology from the 25 

stratosphere to MLT, including the seasonal variation of the zonal wind reversal. 26 

Plain Language Summary 27 

Various radar and satellite observations have captured that the zonal wind reversal in the 28 

mesosphere and lower thermosphere has a seasonal variation with higher/weaker winter zonal 29 

wind reversal and lower/stronger summer zonal wind reversal. While this seasonal variation is 30 

generally not presented in the numerical model with current gravity wave parameterization 31 

schemes. We apply an anisotropic spectrum of parameterized gravity wave sources with stronger 32 

eastward and weaker westward propagating waves instead of the isotropic one to reproduce this 33 

seasonal variation in the numerical model. Furthermore, we introduce an inertial gravity wave 34 

parameterization scheme to reduce the large stratospheric jet in the southern winter. With the 35 
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updated gravity wave parameterization schemes, the simulated zonal wind structure is in better 36 

agreement with observations. 37 

1 Introduction 38 

The mesosphere-lower thermosphere (MLT) is a transition region coupling the Earth’s 39 

atmosphere and the space environment, where both radiative and dynamical forcing play 40 

essential roles (e.g., Becker, 2012; Vincent, 2015). In particular, gravity wave (GW) breaking 41 

and dissipation is a key dynamical factor (e.g., Holton, 1982, 1983; Fritts and Alexander, 2003; 42 

Cai et al., 2017; Dong et al., 2021). The waves deposit momentum and energy to the background 43 

flow, drive mesospheric zonal wind reversals, and alter the summer-to-winter circulation in the 44 

MLT (e.g., Smith et al., 2011; Sato et al., 2012; Liu et al., 2023). These effects need to be 45 

parameterized in most general circulation models (GCMs) that include the middle and upper 46 

atmosphere, since they cannot be properly resolved in these models (e.g., McLandress, 1998; 47 

Garcia et al., 2007; Alexander et al., 2010; Ern et al., 2018; Medvedev and Yiğit, 2019).  48 

While the parameterization schemes are essential for the GCMs to obtain the basic wind 49 

and temperature structures in the MLT, they are also a major source of model uncertainty and 50 

bias (Pedatella et al., 2014). One notable example of such bias is that the seasonal variation of 51 

the zonal wind reversal in the MLT is not well captured. As shown in Upper Atmosphere 52 

Research Satellite (UARS) measurements (McLandress et al., 1996, Figure 12; Swinbank and 53 

Ortland, 2003, Figure 5), the zonal mean zonal wind reverses from eastward to westward in the 54 

winter hemisphere at a higher altitude (between 0.001 and 0.0001 hPa, approximately 100 km), 55 

and from westward to eastward in the summer hemisphere at a lower altitude (between 0.01 and 56 

0.001 hPa, approximately 85 km). The reversal strength also varies with seasons: weaker in the 57 

winter and stronger in the summer. This seasonal variation is also reported in ground-based wind 58 
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observations (Stober et al., 2021; Hindley et al., 2022; Noble et al., 2022). While such seasonal 59 

variation is not properly captured in some of the GCMs, as indicated in the comparative analysis 60 

by Stober et al. (2021), Hindley et al. (2022), and Noble et al. (2022). For example, in WACCM-61 

X as well as WACCM, the reversal levels are about the same in the winter and summer. 62 

Possible causes for this seasonal variation have been suggested in previous studies. For 63 

GW parameterization schemes based on the linear saturation theory (Lindzen, 1981), the GW 64 

breaking level and strength are controlled by wave amplitude (and also wavelength). Based on 65 

this, Liu and Roble (2002) employed an anisotropic GW spectrum with its eastward wave 66 

sources stronger than the westward ones in the NCAR Thermosphere, Ionosphere, Mesosphere, 67 

and Electrodynamics General Circulation Model (TIME-GCM). The model was able to produce 68 

wind structures more comparable to the UARS observation in the MLT. Medvedev et al. (1998) 69 

and Yiğit et al. (2009) implemented a parameterized anisotropic/asymmetric GW spectrum to 70 

slow down the large stratospheric wind in the southern hemisphere. As shown in Yiğit et al. 71 

(2009), this scheme also leads to an intensified mesospheric eastward wind reversal in the 72 

northern hemisphere summer, though it does not seem to impact the height of the wind reversal. 73 

Becker and Vadas (2018) suggested that the eastward secondary GWs generated in the 74 

stratosphere and lower mesosphere (SLM) drive extra eastward zonal winds near the winter 75 

mesopause by comparing a high-resolution GW-resolving GCM against a coarse-resolution GW-76 

parameterized GCM. 77 

The zonal wind reversal height and strength are also closely associated with the primary 78 

zonal wind strength in the stratosphere and mesosphere. GWs, in addition to planetary waves, 79 

forcing can play an important role there. The so-called “cold-pole bias” is common to many 80 

GCMs, where the Antarctic winter is much colder compared to observations, and associated with 81 
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it, the winter stratospheric jet is too strong and the breakdown of the polar vortex is too late 82 

(Hamilton et al., 1999, Austin et al., 2003). The cause of cold-pole bias in GCMs is suggested to 83 

be missing stratospheric GW forcing in the southern hemisphere winter (e.g., McLandress et al., 84 

2012). Ern et al. (2018) presented enhanced GW activities at the southern mid-high latitude 85 

stratosphere in winter, where GCMs often produce insufficient GW forcing due to simplified 86 

GW parameterizations. Therefore, it is necessary to introduce such enhancement into GW 87 

parameterizations to improve the MLT circulation by slowing down the polar vortex and 88 

alleviating the cold pole bias (e.g., Yiğit et al., 2021). Garcia et al. (2017) applied a modified 89 

orographic GW parameterization with enhanced wave forcing in the southern winter stratosphere 90 

to reduce the cold-pole bias in WACCM. Other GW sources and scales, which may not be well 91 

accounted for in current parameterization schemes, can also play a role (Alexander et al., 2010; 92 

Xue et al., 2012; Liu, 2019; Vadas et al., 2018). For example, Xue et al. (2012) developed an 93 

inertial gravity wave (IGW) parameterization scheme to introduce additional stratospheric wave 94 

forcing to drive the quasi-biennial oscillation (QBO) in WACCM. The scheme is currently not 95 

included in the standard version of WACCM.  96 

In this study, we investigate the effects of anisotropic GWs on the seasonal variation of 97 

the mesospheric zonal wind reversal using WACCM-X. We find it is also necessary to 98 

incorporate the IGW parameterization scheme into WACCM-X to control the winter 99 

stratospheric jet and reduce the cold-pole bias. In section 2, we provide a description of 100 

WACCM-X and the anisotropic GW and IGW parameterization schemes. In section 3, we 101 

present comparisons of simulation results applying the modified GW parameterization schemes 102 

with the current version. The conclusion and discussion are given in section 4. 103 
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2 Model and method 104 

2.1 Whole Atmosphere Community Climate Model with thermosphere and ionosphere 105 

extension 106 

WACCM-X is a self-consistent global model of the atmosphere extending from the 107 

earth’s surface to the exobase. The current version of the model, WACCM-X v2.1, is used in this 108 

study. WACCM-X v2.1 is based on the NCAR Whole Atmosphere Community Climate Model 6 109 

(WACCM6) physics package (Gettleman et al., 2019), with thermosphere and ionosphere 110 

physics and modifications to the dynamical core, as described in Liu et al. (2010, 2018). The 111 

version used has a horizontal resolution of 1.9° × 2.5° (latitude × longitude) and a vertical 112 

resolution of 0.25 scale heights above 1 hPa (higher and variable vertical resolution below), with 113 

130 vertical levels from the earth’s surface to 4.1 × 10-10 hPa (~500 to 700 km height). Free-114 

running configuration (i.e., without any constraint by meteorological observations/reanalysis) is 115 

used in this study.  116 

WACCM-X incorporates the same GW parameterization scheme as WACCM. Three 117 

types of GW sources, including orography (McFarlane, 1987), convection (Beres et al., 2005), 118 

and fronts (Richter et al., 2010), are parameterized in WACCM-X. Below the lower 119 

thermosphere, the effects of GWs are parameterized based on the linear saturation theory (Garcia 120 

et al., 2007, 2017). Above the MLT, we extend the GW parameterization schemes by 121 

considering the effects of molecular damping on GWs, which is to be discussed in a future paper. 122 

2.2 Anisotropic gravity wave parameterization scheme 123 

In the standard WACCM-X (WACCM-X v2.1), frontal GWs, which account for a large 124 

portion of the GW forcing at mid-high latitudes, are parameterized with an isotropic ground-125 
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based phase speed spectrum from -45 to 45 m/s and 2.5 m/s intervals. The spectral shape is a 126 

Gaussian distribution with its peak value at 0. In order to reproduce the seasonal variation of the 127 

wind reversal height and strength in the mesosphere, an anisotropic spectrum is used for the 128 

frontal GW source, by shifting the peak of the Gaussian distribution over phase speed from 0 to 129 

15 m/s (eastward). Besides, to further enhance the anisotropy of the GW source spectrum, we 130 

change the Gaussian width from 30 to 20. Fig. 1 presents the concept map of the GW source 131 

spectrum as a function of ground-relative phase velocity. The black and red curves denote 132 

isotropic and anisotropic spectra of GW sources, respectively. This results in an overall weaker 133 

westward wave source and stronger eastward wave source (i.e., the GW source spectrum has a 134 

bias to the eastward flux). Based on the linear saturation theory (Lindzen, 1981), this will lead to 135 

a higher wave breaking altitude for the former and a lower wave breaking altitude for the latter.  136 

2.3 Inertial gravity wave parameterization scheme 137 

The IGW parameterization scheme applied is based on Xue et al. (2012), with the wave 138 

source tied to the frontal systems. The parameterized IGWs have an 800 km horizontal 139 

wavelength and a ground-based phase speed spectrum from -20 to 20 m/s with 2 m/s intervals. 140 

The spectral shape is a Gaussian distribution with its peak value at 0. It is noted that due to the 141 

numerical damping, only waves with horizontal wavelength larger than ~1500 km can be 142 

effectively resolved in FV WACCM-X with horizontal resolution of 1.9° × 2.5°. Thus, GWs 143 

with the 800 km horizontal wavelength cannot be well resolved in the model, and have to be 144 

parameterized. 145 
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2.4 Numerical experiments 146 

In this study, we perform a 3-year simulation (after one year of spin-up) of free-running 147 

WACCM-X with the default GW parameterization scheme (hereafter the base case), 1-year 148 

simulation (after one year of spin-up) of free-running WACCM-X with the anisotropic GW 149 

source parameterization scheme (hereafter the control case 1), and 3-year simulation (after one 150 

year of spin-up) of free-running WACCM-X with the anisotropic GW source combined with 151 

IGW parameterization schemes (hereafter the control case 2). These cases are closely compared 152 

to examine the effects of the wave sources on the stratosphere and mesosphere. The base case 153 

and control case 2 are the focus of this study, and long simulations (3 model years) have been 154 

performed so the climatology is more rigorous. 155 

3 Results 156 

The zonal mean zonal GW drag and zonal wind in June simulated in the first year of the 157 

base case is presented in Fig. 2a. It is seen that the altitude and the magnitude of the westward 158 

GW drag are similar to those of the eastward GW drag in the MLT, with a -105 m/s/day peak 159 

between 0.1 and 0.01 hPa (~70 km) in the winter hemisphere and a 113 m/s/day peak around 160 

0.01 hPa (~78 km) in the summer hemisphere. As a result, the mesospheric westward and 161 

eastward wind reversals are nearly symmetric between the two hemispheres/seasons, between 162 

0.01 and 0.001 hPa (~80 km) at 60° in both hemispheres. The eastward wind reversal in Fig. 2a 163 

is comparable to the UARS climatology in the summer hemisphere. But the westward wind 164 

reversal in the UARS climatology in the winter hemisphere is between 0.001 and 0.0001 hPa 165 

(~100 km) at 60°S, which is approximately 20 km higher than that in Fig. 2a. 166 
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The simulation result in the control case 1 is shown in Fig. 2b. It is seen that due to the 167 

weaker westward GW sources, the altitude of mesospheric westward GW drag is overall higher, 168 

with the altitude of its peak value between 0.01 and 0.001 hPa (~85 km), driving a westward 169 

reversal around 0.001 hPa (~95 km) at 60°S. Meanwhile, the altitude of mesospheric eastward 170 

GW drag does not show a significant change, and consequently the altitude of mesospheric 171 

eastward wind reversal has little change. The result with regard to the altitude of the zonal wind 172 

reversal is thus more comparable with observations. However, the elevated mesospheric 173 

westward GW drag reduces the original westward GW forcing near the stratopause, resulting in 174 

an enhanced eastward jet near the stratopause. The maximum value of the eastward jet is up to 175 

180 m/s in Fig. 2b, which is much stronger than that in Fig. 2a. The enhanced eastward jet not 176 

only impacts the upward propagating atmospheric waves but also leads to the cold-pole bias in 177 

the upper stratosphere.  178 

Figures. 3a and 3b show the corresponding zonal mean temperature in June simulated in 179 

the first year of the base case and the control case 1, respectively. The difference between Figs. 180 

3b and 3a is shown in Fig. 3c. It is seen that the winter stratosphere becomes colder (by up to 70 181 

K) with the anisotropic GW wave source, which exacerbates the cold bias in that region. This 182 

also pushes the warm mesopause upward to ~0.001 hPa. Since the winter stratospheric 183 

temperature/wind bias is believed to be caused by insufficient wave forcing, the IGW 184 

parameterization is implemented to provide the stratospheric forcing. 185 

Figure 4b presents the zonal mean zonal GW drag induced by the IGW (color shading) 186 

and by all other GW (line contours) in June simulated in the first year of the control case 2. The 187 

dissipation of IGW leads to a strong westward wave forcing peaking in SLM with a maximum 188 

value of -64 m/s/day. The westward wave forcing slows down the eastward jet in the southern 189 
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hemisphere winter and consequently reduces the cold-pole bias by enhancing the downward 190 

branch of the Brewer-Dobson circulation and adiabatic warming. The eastward GW forcing due 191 

to IGW in the summer hemisphere is weak relative to the westward wave forcing, with a peak 192 

value of 9 m/s/day. The total zonal mean zonal GW drag, including IGW, is presented in Fig. 4a. 193 

The westward GW drag extends downward from MLT to the upper stratosphere due to the 194 

introduced IGW parameterization scheme. It is also noted that the westward forcing in the winter 195 

MLT in Fig. 4a is weaker and lower than that in Fig. 2b. This results from the slower background 196 

wind in SLM with the IGW forcing and thus reduces the intrinsic phase speed of upward 197 

propagating GWs. According to the linear saturation theory, the forcing by breaking GWs is 198 

proportional to the cube of the intrinsic phase speed. Overall, the pattern/strength of westward 199 

wave forcing is more dispersive/weaker relative to that of eastward wave forcing in the MLT, 200 

and the vertical gradient of westward wave forcing is also weaker against to that of eastward 201 

wave forcing in the MLT. 202 

The zonal mean temperature in June simulated in the first year of the base case and the 203 

control case 2 are presented in Figs. 5a and 5b, respectively. The difference between Figs. 5b and 204 

5a is shown in Fig. 5c. As mentioned above, owing to the additional westward forcing from 205 

IGW, the stratospheric eastward jet decreases and the downward branch of the Brewer-Dobson 206 

circulation strengthens. Consequently, the Antarctic stratosphere becomes warmer (by up to 6 K) 207 

in Fig. 5b relative to that in Fig. 5a, thus alleviating the cold bias by the anisotropic GW 208 

parameterization scheme only. Moreover, the location and temperature of the warm area in the 209 

Antarctic mesosphere in Fig. 5b are more similar to those in Fig. 5a. Overall, these temperature 210 

discrepancies in the Antarctic stratosphere and mesosphere resulted from the anisotropic GW 211 
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parameterization scheme are apparently decreased by introducing the IGW parameterization 212 

scheme. 213 

In contrast to the zonal wave forcing, the zonal mean meridional wave forcing and 214 

meridional wind in June simulated in the first year of the base case and control case 2 are 215 

presented in Figs. 6a and 6b, respectively. It is seen that the magnitude of the zonal mean 216 

meridional wave forcing and meridional wind is relatively small compared to those of zonal 217 

mean zonal wave forcing and wind in the MLT. Besides, the zonal mean meridional wave 218 

forcing and wind do not have a large discrepancy between the two. In the GW parameterization 219 

scheme used by WACCM-X (and also in WACCM), the GW spectrum is specified along the 220 

direction of the horizontal wind at the launch level. This approach is cost effective than 221 

specifying zonal and meridional wave sources separately, but it may also create an artificial 222 

coupling of the zonal and meridional wave sources. In this study, we focus on the zonal wave 223 

forcing and its effects on the background field in this study. Examination of the meridional GW 224 

parameterization scheme will be extended in future work. 225 

In order to verify the robustness of the model results, the model climatology is obtained 226 

from the 3-year average. The 3-year averaged zonal mean zonal GW drag and zonal wind in the 227 

base case and control case 2 are presented in Fig. 7a and 7b, respectively. The most notable 228 

change is that the reversal level in the winter hemisphere at the middle and high latitude 229 

increases from right above 0.01 hPa (~80 km) in the base case to around 0.001 hPa (~90 km) in 230 

the control case 2. By contrast, the altitude of the wind reversal in the summer hemisphere 231 

(between 0.01 and 0.001 hPa) does not show a significant change. 232 

The eastward jet in the control case 2 is robustly weakened due to IGW forcing (~110 233 

m/s maximum), which is comparable to that in the base case (~105 m/s maximum). The 234 
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maximum wind speed in the control case 2 decreases by ~70 m/s relative to that in the control 235 

case 1 (Fig. 2b). The westward jet in the control case 2, with a -55 m/s maximum wind speed, is 236 

slightly weaker than that in the base case, with a -61 m/s maximum wind speed, likely due to the 237 

weakened eastward wave forcing in the SLM introduced by IGW parameterization. Overall, the 238 

seasonal variation of mesospheric zonal wind reversals in June is reasonably well reproduced in 239 

the control case 2, and zonal mean zonal winds in the SLM have barely changed. 240 

Figure 8 is the same as Figure 7, but for December. Unlike in June, the intensity of 241 

mesospheric eastward GW drag is much stronger than that of mesospheric westward GW drag in 242 

December in both the base case and control case 2. The altitude of mesospheric eastward GW 243 

drag in the base case is close to that in the control case 2, driving a nearly identical mesospheric 244 

eastward zonal wind reversal (between 0.1 and 0.01 hPa, ~70 km at 60°S) in both cases. More 245 

quantitively, the strength of mesospheric eastward GW drag in the control case 2 is weaker than 246 

that in the base case, with a 127 m/s/day maximum wave forcing in the control case 2 compared 247 

to 193 m/s/day maximum wave forcing in the base case. As a result, the mesospheric eastward 248 

wind reversal in the control case 2 is reduced by ~20 m/s relative to that in the base case, which 249 

is more comparable with observations. Note that Stober et al. (2021, Figure 2) reveals that the 250 

maximum strength of mesospheric eastward wind reversal in the southern winter at mid-high 251 

latitudes represented by WACCM-X with isotropic GW parameterization scheme is above 40 252 

m/s, which is much higher than that in long-term Davis meteor radar station (around 20 m/s). 253 

Similar results are also presented in Hindley et al. (2022, Figure 8) and Noble et al. (2022, Figure 254 

3). On the other hand, the mesospheric westward GW drag in the base case is rather weak, with a 255 

-30 m/s/day maximum wave forcing, driving a westward zonal wind reversal that is weak (not 256 

too much below 0). In the control case 2, the westward wind reversal remains weak, with the 257 
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reversal level between 0.01 and 0.001 hPa (~85 km). This is somewhat lower than the 0.001 hPa 258 

reversal level from UARS climatology, but still generally higher than the eastward reversal level 259 

in the southern summer hemisphere.  260 

It is worth noting that UARS exhibits a stronger eastward jet relative to a weaker 261 

westward jet in SLM in all seasons (except in January when the two are more comparable, 262 

Swinbank and Ortland, 2002, Figure 5), suggesting a weaker westward wave forcing compared 263 

to a stronger eastward wave forcing in SLM. This feature is also reproduced in June and 264 

December in the control case 2 due to the modified weaker westward GW sources and stronger 265 

eastward GW sources, but not for December in the base case. The strength of the eastward jet is 266 

weaker than that of the westward jet in December in the base case, which is opposite to that in 267 

UARS and the control case 2.  268 

4 Conclusion and discussion 269 

In this paper, we investigate the possible physical mechanisms controlling the seasonal 270 

variation of mesospheric zonal wind reversals, including the reversal altitude and strength. We 271 

found it is necessary to adapt an anisotropic GW spectrum, which mainly impacts the MLT, and 272 

apply an IGW parameterization scheme, which mainly impacts the SLM, in the WACCM-X. In 273 

the base case, WACCM-X with the isotropic GW source parameterization scheme produces 274 

seasonally/hemispherically symmetric mesospheric zonal wind reversals, which differs from 275 

observations. In the control case 1, by incorporating an anisotropic GW spectrum with stronger 276 

eastward and weaker westward waves in the GW parameterization scheme, WACCM-X can 277 

qualitatively reproduce the seasonal variational of mesospheric zonal wind reversals, but it 278 

induces an excessively strong stratospheric eastward wind jet and large cold-pole bias in the 279 

southern winter due to weaker westward frontal GWs. This is ameliorated by applying the IGW 280 
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parameterization scheme. While anisotropic/asymmetric GW spectrum has been applied in 281 

previous studies (Medvedev et al., 1998; Yiğit et al., 2008, 2009), the wave effects differ in that 282 

therein (i) the anisotropic spectrum shifted eastward carries a more negative (westward) flux and 283 

acts to slow down the stratospheric jet, and (ii) the parameterization affects the strength but not 284 

the height of the zonal wind reversal in the MLT. 285 

Further study reveals that in the control case 2, WACCM-X with combined anisotropic 286 

GW and IGW parameterization schemes apparently reduces the stratospheric eastward wind jet 287 

and large cold-pole bias in the southern winter and reproduces the overall seasonal variation of 288 

mesospheric zonal wind reversals. The anisotropy of GWs with stronger eastward and weaker 289 

westward components is also consistent with the analysis of GW spectra obtained in high-290 

resolution WACCM-X simulations (Liu et al., 2023). The study suggests that the anisotropic 291 

GWs and large scale GWs play important roles in the middle and upper atmosphere momentum 292 

budget. The mesospheric eastward jet in the southern hemisphere summer has little change 293 

compared to the isotropic GW parameterization scheme. The weak mesospheric westward zonal 294 

wind reversal as well as the too strong eastward mesospheric wind reversal in December is 295 

improved in the control case 2. In addition, the wind climatology in the SLM, with the eastward 296 

jet being stronger than that of the westward jet, is better resolved in the control case 2. Overall, 297 

the simulated wind structure from the stratosphere and lower thermosphere with updated GW 298 

parameterization schemes is more comparable to observations.  299 

In addition, the meridional propagation of the GWs, especially the poleward propagation 300 

along the easterly jet in the summer hemisphere (e.g., Sato et al., 2009; Preusse et al., 2009; 301 

Chen et al., 2019; Thurairajah et al., 2020; Forbes et al., 2022)  can have important implications 302 

for wave forcing and wind reversal in the MLT region. However, the horizontal propagation of 303 
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GW is not taken into consideration in current schemes. In the current parameterization, the 304 

strong eastward forcing at middle and high latitudes in the summer MLT comes mostly from 305 

parameterized forcing from frontogenesis and convection. This could be a large discrepancy in 306 

comparison to the actual forcing by waves coming from lower latitudes and lower altitudes. This 307 

could be responsible for the difference between the simulated and observed wind reversal in the 308 

summer mesopause region, with the simulated wind reversal much weaker than the UARS 309 

climatology at middle and high latitudes. It is also interesting to note that this wind feature is 310 

better resolved in high-resolution WACCM-X simulations, where the wind reversal is driven by 311 

resolved GWs (Liu et al., 2023).  312 
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 483 

Figure 1. The concept map of the gravity wave source spectrum as a function of ground-relative 484 

phase velocity. The black and red curves denote isotropic and anisotropic spectra of gravity wave 485 

sources, respectively. 486 

 487 
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Figure 2. (a) Zonal mean zonal gravity wave drags (color shading) and zonal winds (line 488 

contours, contour interval is 20 m/s, solid and dashed lines indicate positive and negative values, 489 

respectively) in June simulated in the first year of the base case. (b) The same as (a), but for the 490 

control case 1.  491 

 492 

Figure 3. (a) Zonal mean temperature in June simulated in the first year of the base case. (b) The 493 

same as (a), but for the control case 1. (c) The difference between (b) and (a). 494 

 495 

Figure 4. (a) Zonal mean zonal gravity wave drags (color shading) and zonal winds (line 496 

contours, contour interval is 20 m/s, solid and dashed lines indicate positive and negative values, 497 

respectively) in June simulated in the first year of the control case 2. (b) Zonal mean zonal 498 
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inertial gravity wave drags (color shading) and all other gravity wave drags (contours, contour 499 

interval is 20 m/s/d, solid and dashed lines indicate positive and negative values, respectively) in 500 

June simulated in the first year of the control case 2.  501 

 502 

Figure 5. (a) Zonal mean temperature in June simulated in first year of the base case. (b) The 503 

same as (a), but for the first year of the control case 2. (c) The difference between (b) and (a). 504 

 505 

Figure 6. (a) Zonal mean meridional gravity wave drags (color shading) and meridional winds 506 

(line contours, contour interval is 2 m/s, solid and dashed lines indicate positive and negative 507 

values, respectively) in June simulated in first year of the base case. (b) The same as (a), but for 508 

the first year of the control case 2. 509 
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 510 

Figure 7. (a) 3-year averaged zonal mean zonal gravity wave drags (color shading) and zonal 511 

winds (line contours, contour interval is 20 m/s, solid and dashed lines indicate positive and 512 

negative values, respectively) in June simulated in the base case. (b) The same as (a), but for the 513 

control case 2. 514 

 515 

Figure 8. The same as figure 7, but in December. 516 
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