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Abstract

Vertical shears of horizontal winds play an important role in the dynamics of the middle and upper atmosphere. Prior ob-

servations have indicated that these shears predominantly occur in the lower thermosphere. MIGHTI observations from the

Ionospheric Connection Explorer indicate that strong wind shears are a common feature of the lower thermosphere and vary

greatly between orbits. This work focuses on these strong shears, and examines their occurrences, horizontal scales and un-

derlying organization. No preferred wind shear direction is found. The shears that persist for a short horizontal extent are

slightly larger in amplitude and more numerous than those that persist across large horizontal scales. The altitude at which

the strongest shears occur often shows a downward progression with local time, following the climatological winds. Consistent

with prior observations, the strongest shears are often seen just below the wind maximum, which follows the downward phase

propagation consistent with upward propagating tides.
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Key points  17 

1. Strong horizontal wind shears with spatial scales from 100s km to over 10,000 km 18 

are observed with ICON MIGHTI 19 
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2. Systematic patterns in the strongest shears observed in the lower thermosphere are 20 

examined 21 

3. The strongest shears display an altitude variation in local time that reflects the 22 

downward phase progression in the tidal winds 23 

 24 

Abstract 25 

Vertical shears of horizontal winds play an important role in the dynamics of the middle and 26 

upper atmosphere. Prior observations have indicated that these shears predominantly occur in 27 

the lower thermosphere. MIGHTI observations from the Ionospheric Connection Explorer 28 

indicate that strong wind shears are a common feature of the lower thermosphere and vary 29 

greatly between orbits. This work focuses on these strong shears, and examines their 30 

occurrences, horizontal scales and underlying organization. No preferred wind shear direction is 31 

found. The shears that persist for a short horizontal extent are slightly larger in amplitude and 32 

more numerous than those that persist across large horizontal scales. The altitude at which the 33 

strongest shears occur often shows a downward progression with local time, following the 34 

climatological winds. Consistent with prior observations, the strongest shears are often seen 35 

just below the wind maximum, which follows the downward phase propagation consistent with 36 

upward propagating tides. 37 

 38 

Plain Language Summary 39 

Understanding wind patterns is a key component to understanding our atmosphere. Gradients 40 

in these winds, seen as regions where slow and fast moving air are in close proximity, or air 41 
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moving in opposite directions is in close proximity, can play especially important roles in 42 

atmospheric motion and mixing of the air. At altitudes near the edge of space, such gradients 43 

are known to be especially large. New observations from the Ionospheric Connection Explorer 44 

(ICON) spacecraft have shown that these gradients are often present in this region, but can vary 45 

greatly from one orbit of the spacecraft to the next. This work examines the characteristics of 46 

the gradients observed with ICON. The analysis presented shows the direction and magnitude 47 

of these gradients, at what time of day and what altitude they are observed. The altitude where 48 

the strongest gradients are observed is shown to change with time of day.  49 

 50 

1 Introduction 51 

Vertical shears of horizontal winds play an important role in a variety of dynamical processes in 52 

the middle and upper atmosphere. The presence of strong shears can significantly impact and 53 

even inhibit the upward propagation of atmospheric gravity waves (e.g., Fritts and Alexander, 54 

2003). Shears in zonal winds are believed to play a central role in producing narrow layers of 55 

metal ions associated with Sporadic-E (e.g., Whitehead, 1961; Axford, 1963, Larsen et al., 2005). 56 

In regions of the middle and upper atmosphere where such shears become especially large, the 57 

atmosphere can become dynamically unstable, leading to the formation of Kelvin-Helmholtz 58 

instabilities (e.g., Li et al 2005). While climatologies of the winds (e.g., HWM; Drob et al., 2015) 59 

reveal only modest wind shears in the lower thermosphere, high vertical-resolution 60 

observations (e.g., Larsen, 2002) frequently reveal shears that are close to this instability 61 

threshold, which may have important implications for the neutral dynamics of this region, 62 
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resulting in modified vertical constituent and heat fluxes as well as dynamo processes 63 

impacting the ionosphere. 64 

 65 

Both horizontal winds and their shears are especially strong in the region of the lower 66 

thermosphere where the background vertical temperature gradient turns positive 67 

(approximately 100 – 120 km altitude). These strong winds and shears are evident in global 68 

climatologies of the wind (e.g., McLandress et al., 1996, Shepherd et al., 2012), which highlight 69 

local amplitude maxima of atmospheric tides at these altitudes. In addition to such 70 

climatologies, strong winds and shears are especially notable in individual samples of the winds 71 

in this region, where the shears have been seen to maximize in the 100 – 110 km altitude 72 

region (Larsen, 2002). Using global temperature observations, Offerman et al., (2009) 73 

demonstrated that atmospheric waves persistently increase in amplitude in this altitude range. 74 

Therefore, it is not surprising that observations of the winds and wind shears in this region 75 

frequently exhibit strong wave-like fluctuations at this altitude (e.g., Djuth et al., 2010; Hysell et 76 

al., 2014). 77 

 78 

Examination of wind-shears in the lower thermosphere over approximately 100 – 120 km 79 

altitude is not possible from the majority of ground-based radar systems (e.g., Jacobi and Arras, 80 

2019). Altitude-resolved horizontal wind observations, suitable for determining vertical shears, 81 

can be made in this altitude range from ground-based systems such as incoherent scatter 82 

radars (e.g., Djuth et al., 2010; Hysell et al., 2014) and lidars (e.g., Gardner and Papen, 1995; 83 

Fritts et al., 2004; Oppenheim et al., 2009; Yue et al., 2010). Both kinds of instruments provide 84 
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detailed information on the vertical shears and their temporal evolution, but only at a very 85 

limited number of locations. Remote observations of rocket trails have been used to investigate 86 

winds and shears extensively (e.g., Larsen, 2002 and references therein). These also provide 87 

high-resolution vertical sampling of the wind across this altitude range. Although such 88 

observations have been made from low to polar latitudes, each rocket launch provides only one 89 

or two vertical profiles; thus they provide little information on the temporal or horizontal 90 

variation in the shears observed. Using over 400 such rocket trails observations, Larsen (2002) 91 

demonstrated that the observed maximum wind shear most often occurs in the vicinity of the 92 

altitude of maximum wind amplitude. Larsen and Fesen (2009) further analyzed the original 93 

Larsen (2002) data-set identifying the altitude of the maximum wind to be 100-105 km, 94 

exceeding 100 ms-1 in over 28% of the samples. No other pattern to the shears in local time (LT) 95 

or season was evident. 96 

 97 

In contrast to the high-vertical resolution sampling offered from rocket trail observations, limb-98 

viewing interferometers can provide lower vertical-resolution profiles of the winds in this 99 

region, with the advantage of being able to provide global-scale characteristics of the winds and 100 

shears (e.g., Shepherd et al., 2012; Liu et al., 2018). The magnitude of the shears estimated 101 

from such lower resolution measurements tend to be lower than those from the other 102 

instruments listed above, but the studies such as Liu et al. (2018) have been able to 103 

demonstrate global-variations in the shears, noting that they tend to maximize at mid-latitudes. 104 

What is not known is if there are other patterns governing where strong shears occur, or if 105 

there is a clear relationship between the very strong shears that are seen in individual vertical 106 
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profiles and climatologies of the winds in this region. Are the wind shears identified in rocket 107 

and ground-based measurements coherent across a large horizontal region or not? 108 

 109 

Here we use one year of wind observations from the Ionospheric Connection Explorer (ICON) 110 

spacecraft (Immel et al., 2018) to examine the wind shears in the lower thermosphere. We 111 

examine the altitude of the strongest shears observed and their correspondence to the 112 

background wind magnitudes. The distribution of wind shears is examined, along with the 113 

spatial coherence of the wind shear, as seen parallel to the spacecraft orbit track. This study 114 

focuses on the largest wind shears observed, rather than a climatology of the winds and the 115 

shears evident therein (e.g., Yamazaki et al., 2021). The correspondence between strong shears 116 

seen in individual profiles and the climatology of the winds is determined. 117 

 118 

2 Data and Method 119 

The ICON Michelson Interferometer for Global High-Resolution Thermospheric Imaging (ICON 120 

MIGHTI; Englert et al., 2017) instrument measures the line-of-sight Doppler shift of airglow 121 

emission from atomic oxygen. Using two nearly orthogonal measurements separated by ~7 122 

minutes, a horizonal wind vector is retrieved from these data (Harding et al., 2017). Here we 123 

use version 04 of the derived horizontal vector winds. During the daytime, the 557.7 nm 124 

emission is observed from 90 – 180 km tangent altitude. A measurement of the winds is made 125 

every 30 seconds, or approximately every 250 km great circle distance during the day. In the 126 

lower thermosphere, the horizontal winds are retrieved on a fixed vertical grid with a grid size 127 

of ~2.9 km. 128 
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 129 

Figure 1 shows an example of the daytime zonal wind observations from five successive orbits 130 

in March 2020. The data are shown such that the horizontal axis indicates LT. In four of the five 131 

orbits shown, strong shears in the zonal wind are evident in the lower thermosphere. In the 132 

first two orbits, strong shears of nearly the same gradient appear to persist over a large span of 133 

LT (and correspondingly longitude), changing slightly in altitude with LT. This pattern does not 134 

appear to be fixed in LT and is different on each of the five consecutive orbits shown. On the 135 

final orbit, the wind shears seen are significantly weaker. From this kind of plot, no overarching 136 

patterns are apparent from one orbit to the next or one day to the next. 137 

 138 

As the altitude of the wind shears seen in Figure 1 varies with location, it is more useful to 139 

compute the maximum wind shear observed at any one time and record its location, rather 140 

than find the wind shears at a fixed altitude. There are several obvious ways to determine the 141 

wind shear, and here we chose to find the maximum gradient using a forward-difference 142 

approach (qualitatively similar results are achieved by using a central-difference approach, with 143 

sometimes smaller wind gradients estimated with such a technique if a gradient is not constant 144 

over the entire range). Even using this approach, it is worth acknowledging that MIGHTI lacks 145 

the vertical resolution to see the kind of wind shears reported in some of the prior studies 146 

noted in Section 1. For each zonal or meridional wind profile, we first select all data in the 147 

altitude range 92.8 – 133.1 km, which tends to envelope the region where the maximum wind 148 

shears are found, both in MIGHTI and prior studies (see Section 1). If all datapoints in that range 149 

are of good quality (using the ICON_L22_Wind_Quality variable), the maximum absolute 150 
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gradient is recorded and registered to the altitude of the midpoint of the two corresponding 151 

wind samples. Figure 2a shows this for the zonal wind profiles corresponding to the first orbit 152 

shown in Figure 1. The maximum wind shears at each longitude are highlighted. For all profiles, 153 

the maximum shear magnitude, direction (positive east, north), altitude, LT, longitude, and 154 

latitude are recorded. Figure 2b shows the gradients found for this orbit. The positive and 155 

negative shears identified for this orbit are shown with the red and blue symbols. In some 156 

regions of the orbit the maximum shear remains of a constant sign for a significant fraction of 157 

the globe, whereas in others it changes between positive and negative rapidly. For each 158 

datapoint, the horizontal scale over which the sign of the shear remains constant is recorded 159 

(the great circle distance shown by the horizontal red and blue lines). This process is then 160 

repeated for all observed profiles during the first complete year of the ICON mission, 2020. It is 161 

worth noting that the typical precision of the wind measurements is 5 m/s, so the 1-sigma 162 

uncertainty on the computed shear (using 5 measurements, separated by 2.9 km) is ~12 163 

m/s/km. Shears greater than this are thus statistically significant at the 1-sigma level. 164 

 165 

 166 

To compare the wind shears observed by ICON MIGHTI to those simulated in a global scale 167 

model, output from the ionosphere-thermosphere extension of the Whole Atmosphere 168 

Community Climate Model (WACCM-X 2.0; Liu et al., 2018) is used. To match the conditions 169 

observed by ICON, the GEOS5 reanalysis is used to specify dynamics in the lower atmosphere. 170 

This simulation used a 1.9° latitude, 2.5° longitude grid that is comparable to the MIGHTI 171 

sample size. It is worth noting that this model uses parametrized gravity waves to capture the 172 
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impacts of these sub-grid-scale features. The output of this model was sampled at the same 173 

locations and times as every datapoint in the MIGHTI dataset and processed in the same 174 

manner as described above. 175 

 176 

3 Results 177 

This section first details the properties of the maximum wind shears by examining the first 90 178 

days (approximately two precession cycles) of data from 2020. Variations throughout the whole 179 

year are then shown. 180 

 181 

Figure 3a and b show the distribution of the magnitudes of the maximum zonal and meridional 182 

shears over the first 90 days of 2020. Both distributions are symmetric about zero, meaning 183 

that no preference for a shear direction is seen. Both show modal values in the region of 20 184 

m/s/km, with the meridional shears begin slightly larger than the zonal ones. Shears above 40 185 

m/s/km are seen, but at a low occurrence rate. As expected, this is lower than the maximum 186 

shears reported from rocket trail data (e.g. Larsen, 2002), which had a higher vertical 187 

resolution. To identify any trend in the shears with the horizontal scale of constant shear 188 

direction, the population is divided into two groups consisting of the shears associated with a 189 

horizontal scale of less than 2000 km great circle (short) with those beyond 2000 km great circle 190 

(long). No apparent change in the distribution is evident in either case, implying no dependence 191 

on the magnitude of the shear observed with the horizontal scale of constant shear direction. 192 

The shears simulated in the WACCM-X model show the same overall trend as those seen in 193 

MIGHTI, but with a factor of 2 lower shear magnitude seen in both the zonal and meridional 194 
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shears. This is likely due to the coarse model resolution, and its inability to resolve small-scale 195 

gravity waves (see Liu, 2017).  196 

 197 

The distribution of the observed horizontal scales of constant maximum wind shear direction 198 

are shown in Figure 3c and d for the zonal and meridional shears respectively. Here the 199 

occurrence rate refers to the fraction of the total wind samples in that group. A large fraction of 200 

the distribution lies below 2000 km great circle distance, but horizontal scales of up to 10,000 201 

km are occasionally observed. To identify if the horizontal scale of the constant maximum wind 202 

shear direction is manifestly different between those of small and large shear magnitude, the 203 

population is divided into two groups, above and below 15 m/s/km (based on Figure 3a and b, 204 

and comparable to the 10 m/s/km threshold used by Liu et al., 2018). The population with large 205 

shear magnitude is similar to the whole population, whereas those with small magnitude reveal 206 

slightly fewer occurrences at the smallest great circle distances, and an increase at the larger 207 

scales (especially clear in the meridional shears). Finally, the distribution for the shears found in 208 

the WACCM-X output are shown. These show a much flatter distribution, with many fewer 209 

occurrences of smaller horizontal scale events and more of the longer horizontal scale than 210 

those observed by MIGHTI under any of the selection criteria. 211 

 212 

Figure 3e and f show the altitude where the maximum wind shears occur. As seen in Figure 2 213 

regions of both strong positive and negative shears can be seen within the same profile. Clear 214 

patterns in the altitude of the maximum shears appear if only one shear direction is selected, 215 

and here the negative meridional wind shears are shown. To further identify the pattern, only 216 
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shears in the 15 – 25° N latitude range are selected, and the data are shown as a function of 217 

local time (LT). Figure 3e shows this for the entire population, whereas Figure 3f shows this only 218 

for the short horizontal scale population described above. In both cases, a clear downward 219 

progression of the altitude of maximum windshear is seen with increasing LT. In the case of the 220 

latest LT bin, a new peak is evident at the very highest altitude, suggesting a cyclical pattern. 221 

Looking at the rate of downward progression for example in panel e, the peak moves ~9 km 222 

over 6 hours. If this represented a diurnal motion that would correspond to a 36 km in 24 hours 223 

and for a semi-diurnal motion it would be 18 km in 12 hours. The diurnal motion would be 224 

consistent with the wavelength of the migrating diurnal tide in this region (e.g., McLandress et 225 

al., 1996; Akmaev et al., 1997). This behavior is investigated in more detail across the entire 226 

year in Figure 4. 227 

 228 

Figure 4 shows the altitude of the peak positive and negative wind shears in the 15 – 25° N 229 

latitude throughout the whole year. Data are shown in 90-day increments, which provides 230 

enough samples for notable patterns to be discerned in most cases. As in Figure 3e, each panel 231 

shows the distribution of altitudes at three different LT ranges. The overall behavior noted in 232 

Figure 3 of the descending altitude of the mode of the distribution with increasing LT is seen in 233 

several panels (specifically a, b, e, h and k). There is no clear distinction between the behavior 234 

of the positive and negative shears that persists throughout the year. In the panels that do not 235 

display the same overall pattern as noted in Figure 3, the most common pattern is a single 236 

altitude that does not change with LT (e.g., panels d and g). Finally, the tendency for a 237 



 12 

secondary peak to appear at the higher altitudes in the final LT bin is visible in panels a, b, e, j 238 

and k. 239 

 240 

Comparing the altitude of the peak wind shear to the median wind values as a function of 241 

altitude (Figure 4 panels c, f, i and l) reveals a likely cause of the downward progression noted 242 

above. This climatological view of the average wind does not reveal the strong shears that are 243 

the focus of this study, but rather the average wind associated with the migrating tides (as all 244 

longitudes are averaged together, non-migrating components are minimized). These median 245 

winds show a similar downward descent in the wind pattern with increasing LT as expected for 246 

upward propagating tides. Comparing the first two columns of Figure 4 to the median winds, it 247 

is evident that in most cases the peak positive or negative wind shears tend to occur at or just 248 

below the altitudes where the average wind shows a strong positive or negative magnitude, 249 

suggesting that the background tidal field governs the altitude at which we tend to see the 250 

strong wind shears. 251 

 252 

4 Discussion and Conclusions 253 

This study focuses on the strongest wind shears observed by ICON MIGHTI, rather than on the 254 

climatological winds and their shears. These strongest shears are most commonly seen in the 255 

100 – 120 km altitude region, in agreement with that reported from prior rocket trail 256 

observations (Larsen, 2002) and spacecraft-based observations (Liu et al., 2018). 257 

 258 



 13 

Examining the degree of symmetry in Figure 3a, b there appears to be no preferred direction 259 

for the strong wind shears magnitudes. The WACCM-X results show the same symmetry, but 260 

generally lower shears. As both of these involve averages across all dayside LT, any signature of 261 

atmospheric tides (evident in Figure 4) would average out and thus produce this apparent 262 

symmetry. The observed meridional shears are generally slightly stronger than the zonal ones, 263 

but only by a few m/s/km, which is not seen in the model. The origin of this difference in zonal 264 

and meridional shears is not known. 265 

 266 

Examining the differences between the short horizontal scale wind shears and either the whole 267 

population or the long horizontal scale shears, we see very little difference. This is clear in 268 

Figure 3a, b and comparing e to f. This implies that the population of short horizontal scale 269 

wind shears is not impacted significantly by any spurious datapoints or other non-geophysical 270 

source. While the origin of these short-horizontal scale shears is not clear from this study alone, 271 

one possible geophysical source would be small horizontal-scale gravity waves (e.g. Liu, 2017). 272 

Panels c and d show that the small horizontal-scale shears tend to have larger magnitudes, 273 

which is again apparent in panels a and b where the long scale is has a slightly large occurrence 274 

rate near the peak of the distribution, whereas the short scale occurs slightly more often at the 275 

highest wind shear values. If the small-scale shears are interpreted as features such as gravity 276 

waves and the large-scale shears as planetary-scale waves such as tide, this would imply that 277 

the large-scale signature is virtually always present and the strongest shear in the lower 278 

thermosphere is only short in scale when the gravity wave or other feature exceeds the 279 

amplitude of that large-scale pattern. 280 
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 281 

Exploring the possible tidal or other global-scale wave origin of the large-scale shears, Figure 3e 282 

and f show the clear downward progression in the altitude of the peak windshear with LT, 283 

which matches the downward propagation of the mean (primarily tidal) winds in this region. 284 

This is broadly similar to the tidal influence in Richardson number identified in lidar 285 

observations (e.g. Li et al., 2005; Yue et al., 2010). The meridional shears from 15 – 20° north 286 

were selected as the migrating diurnal tide is known to be clear in the meridional winds in this 287 

region (e.g., McLandress et al., 1996, Shepherd et al., 2012). The estimated downward 288 

progression rate of 36 km over 24 hours is consistent with the downward phase propagation of 289 

the migrating diurnal tide (e.g., McLandress et al., 1996; Akmaev et al., 1997), although 290 

additional information such as nighttime observations across this region would be needed to 291 

determine this definitively. Comparing panels e and f, the same downward phase progression is 292 

seen in the small-scale shears as the whole population, which would be consistent with the 293 

interpretation of these as associated with gravity waves, whose maximum wind shears tend to 294 

occur when they reinforce the larger-scale tidal wind pattern that exists in this region. The 295 

horizontal scale of low frequency gravity waves (periods of hours) have horizontal scales (>500 296 

km) that can be observed by ICON limb sampling method, such as those identified by Hu et al. 297 

(2002). 298 

 299 

Perhaps the most consistent pattern in Figure 4 is that the altitude at which the strongest 300 

individual shears are generally seen is just below the respective peak in the climatological winds 301 

(i.e., positive shears below a northward wind and vice versa). This is suggestive that these are 302 
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manifestations of the same underlying pattern, rather than the shears being organized by some 303 

other small-scale process. This is reinforced by the similarity between the short and long-length 304 

scale shears shown in Figure 3e and f. The high magnitude wind and the shears seen on 305 

individual orbits, which greatly exceed those of the climatological winds, may be the result of 306 

superposition of the dominant migrating tides with other waves, such as nonmigrating tides, 307 

planetary waves and larger-horizontal scale gravity waves that are apparent in limb 308 

observations. Nonetheless, the underlying pattern appears to be governed by the tides, at least 309 

at the latitudes examined here. As the amplitude of the tides increase so do the shears, up to 310 

the location of the maximum tidal wind amplitude, generally in the 100 – 120 km altitude 311 

region. Above this, the upward propagating tides begin to dissipate and the most common wind 312 

and shear patterns transition to being dominated by in situ generated tides, which tend to have 313 

much larger vertical wavelengths.  314 

 315 

The comparison of the observed wind shears to those simulated by WACCM-X provides a useful 316 

comparison to a model dataset that contains realistically simulated large-scale waves (lower 317 

atmosphere forcing from a reanalysis), but which lacks resolved small-scale waves or other 318 

features below several hundred km horizontal scale. Liu (2016) demonstrated that the WACCM-319 

X model produces far larger shears when run at a higher resolution. Thus, the underestimation 320 

of the shears in the lower-resolution model simulation used here, compared to those observed 321 

by MIGHTI, is likely a result of the model resolution (Figure 3a, b). The model does reproduce 322 

the observed symmetry in the wind shear direction, suggesting no preferred direction for these 323 

shears in the lower thermosphere. Figure 3c and d show a very different distribution of shear 324 
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lengths than those observed, whereby the observed increase in the occurrence rate of short 325 

horizontal scale wind shears is not reproduced in the model. This would again be consistent 326 

with an interpretation that these are indeed the result of spatially small structures such as 327 

gravity waves, and not the sampling provided by MIGHTI. The larger-scale wind shears, out to 328 

even 10,000 km great circle distance, are reproduced in the model again suggesting these are 329 

geophysical features, such as related to atmospheric tides or other planetary-scale waves that 330 

are known to be strong in this altitude region. 331 

 332 
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 459 

Figure 1 – Daytime zonal winds observed with ICON MIGHTI on five successive orbits from 460 

March 20th, 2020. Values are shown as functions of altitude and local time. The latitude of the 461 

wind observations at 90 km altitude is shown in the bottom panel. The time at the middle of 462 

each dayside orbit segment in UTC is noted. Strong wind shears can be seen in the lower altitude 463 

region of each panel, with no obvious pattern repeating from one orbit to the next. 464 
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 466 

Figure 2 – Determination of the maximum wind shear and the horizontal scale of the direction of 467 

the wind shear. Panel a shows the daytime zonal wind profiles observed on the first orbit shown 468 

in Figure 1. The location of the maximum wind shear identified at each longitude is marked with 469 

diamonds. Panel b shows the maximum daytime zonal wind shears for the same orbit as panel 470 

a. The red and blue lines mark the portions of the orbit in which the shear is positive (becoming 471 

more eastwards with altitude) and negative, respectively.  472 
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 474 

Figure 3 – Histograms of the daytime wind shears observed by ICON MIGHTI and simulated by 475 

WACCM-X for days 1 – 90 of 2020. Panels a and b show the fraction of wind zonal and 476 

meridional shears with direction and amplitude. The color-coding indicates the observed wind 477 

shears from the whole dataset, and those associated with long horizontal scale and short 478 

horizontal scale constant wind shear directions, where 2000 km great circle separates long from 479 
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short. Panels c and d show the fraction of zonal and meridional wind shears with the great circle 480 

horizontal scale of constant wind shear direction. The color-coding shows indicates the whole 481 

dataset, and those where the wind shears are low or high in magnitude, where low refers to 482 

<|15 m/s/km| and high is >|15 m/s/km|. Panels e and f show the altitude of the maximum 483 

meridional wind shear observed between 15 – 25° N latitude. The color-coding shows the local 484 

time of the observation. Panel e is for negative meridional wind shears and panel f is for the 485 

short horizontal scale negative meridional shears. All values have been normalized against the 486 

maximum for clarity.  487 
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 489 

Figure 4 – Altitude of the maximum wind shear throughout 2020. Each pair of panels follows 490 

panels e from Figure 3. Panels a and b show days 1 – 90. Panels d and e show days 91 – 180. 491 

Panels g and h show days 181 – 270. Panels j and k show days 271 – 360. Panels a, d, g and j 492 

show negative shears and panels b, e, h and k show positive shears. Panels c, f, I and l show the 493 

median meridional winds as a function of height throughout the year. The dotted line marks 494 

zero. 495 
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