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Abstract. Atmospheric gravity waves can transport momentum and energy and couple different 15 

atmospheric layers. Their propagation and dissipation have been widely studied in the stratosphere and 16 

mesosphere, whereas their excitation and trapping within tropospheric double-jet ducts remain less well 17 

constrained. Here we combine coherent Doppler wind lidar (CDWL) observations at Minfeng, ERA5 18 

reanalysis, and WRF simulations to investigate how a nocturnal double-jet structure over the southern 19 

Taklimakan Desert excites and modulates tropospheric gravity waves. Three events in September 2021 20 

occurred under a similar configuration, with a lower-level easterly jet below 4 km, an upper-level 21 

westerly jet at 6-7 km, and a weak-wind layer between them. Oscillations of 10-20 min occurred within 22 

the weak-wind layer, with maximum amplitudes near the strong shear zone at the base of the westerly 23 

jet, suggesting a role for shear-related dynamical instability in wave generation. ERA5 buoyancy-24 

frequency profiles show a stable layer near 4-6 km that favored thermal ducting, and Scorer-parameter 25 

diagnostics further indicate concurrent Doppler ducting. As the easterly jet intensified, the waveguide 26 

compressed and wave frequencies increased, consistent with a shift of trapped modes toward higher 27 

frequencies. WRF reproduced the first two cases reasonably well, yielding dominant horizontal 28 

wavelengths of 7-14 km and eastward phase speeds near 6 m s⁻¹, but showed substantial discrepancies 29 

in the third. These results indicate that nocturnal double-jet structures can act as an effective tropospheric 30 

waveguide by trapping gravity waves through thermal and Doppler ducting and shifting trapped modes 31 

toward higher frequencies as the duct evolves. 32 

33 
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1. Introduction 34 

Gravity waves are oscillations supported by buoyancy in a stably stratified atmosphere and are generated 35 

by a wide range of processes, including topographic forcing, convection, wind shear, jet streams, frontal 36 

systems, and ageostrophic adjustment (Xue et al., 2020; Ma & Qin, 2025; Ding et al., 2025; Fritts & 37 

Nastrom, 1992; Plougonven & Zhang, 2014; Knoop et al., 2026). They play an important role in 38 

atmospheric dynamics across a broad range of scales (Nappo, 2013). On large scales, gravity waves 39 

transport momentum and energy upward and influence the circulation and thermal structure of the middle 40 

and upper atmosphere (Holton, 1983; Vincent & Joan Alexander, 2000; Sato & Hirano, 2019). On 41 

mesoscales, research concentrates on the interactions between gravity waves and convective 42 

systems(Hoffmann & Alexander, 2010; Ma & Qin, 2025), mountain waves generated by topographic 43 

forcing and their associated downslope winds and clear-air turbulence (Alexander & Grimsdell, 2013; 44 

Durran, 1990; Lott, 2016; Plougonven & Zhang, 2016). On smaller scales, research has increasingly 45 

emphasized the interaction between gravity waves and boundary-layer turbulence (J. Sun et al., 2015; 46 

Zaitseva et al., 2022).  47 

Gravity waves do not always propagate freely in the vertical. Under suitable stratification and wind 48 

conditions, their energy can be trapped within a limited altitude range, leading to ducted propagation. 49 

Atmospheric ducting suppresses vertical leakage of wave energy while enhancing horizontal propagation 50 

distance (Nappo, 2013; Nyassor et al., 2025). Two primary ducting mechanisms exist: thermal ducting, 51 

formed by vertical variations in temperature stratification (e.g.inversions), and Doppler ducting, induced 52 

by vertical wind shear (Dong et al., 2021; Knoop et al., 2026). Jet streams, as strong wind shear zones in 53 

the troposphere, provide ideal conditions for the formation of Doppler ducts (Chimonas & Hines, 1986). 54 

In particular, double jet structures, with their unique wind profiles, may provide especially suitable 55 

conditions for wave trapping and modal selection. However, their role in modulating tropospheric gravity 56 

waves remains insufficiently understood. 57 

Previous observational and modeling studies have focused predominantly on gravity waves in the 58 

stratosphere and mesosphere, where wave amplitudes are generally larger and easier to detect (Fritts & 59 

Alexander, 2003). Satellite remote sensing, radiosondes, aircraft measurements, radar and lidar have 60 

enabled systematic characterization of wave properties in the stratosphere and mesosphere (Baumgarten 61 

et al., 2015; Dong et al., 2021; Dou et al., 2014; Gorbunov & Kan, 2024; Murphy et al., 2014; Stober et 62 

al., 2018; Toms et al., 2017). High-resolution numerical models have likewise been widely used to 63 

investigate gravity-wave generation, propagation, dissipation, and drag effects on the large-scale 64 

circulation (Alexander & Holton, 1997; Dong et al., 2021; Miyoshi et al., 2014). By contrast, 65 

tropospheric gravity waves remain less well characterized, even though the troposphere is the primary 66 

source region of atmospheric gravity waves (Plougonven & Zhang, 2014). This observational gap is 67 

particularly important for ducted gravity waves, whose trapped propagation may influence boundary-68 

layer perturbations, turbulence generation, local land-atmosphere exchange, and aviation safety 69 

(Bramberger et al., 2017; Zaitseva et al., 2022; Zhang et al., 2022). 70 

For studies of tropospheric gravity waves, CDWL provides a valuable observational tool because of its 71 

high temporal and vertical resolution and its ability to continuously resolve wave fine structure and 72 

evolution (Chouza et al., 2016; Gisinger et al., 2020; Jia et al., 2019; Shangguan et al., 2022; Witschas 73 

et al., 2017). However, single-point lidar observations inherently lack horizontal spatial information, 74 

limiting direct determination of horizontal wavelengths and propagation directions. High-resolution 75 

numerical simulations are therefore needed to complement the observations by providing three-76 
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dimensional wave structure, source diagnostics, and the dynamical and thermodynamical background 77 

conditions relevant to ducting. Mesoscale models such as the Weather Research and Forecasting (WRF) 78 

model have been widely used for this purpose and can explicitly resolve kilometer-scale gravity waves 79 

(Costantino et al., 2015). 80 

The southern margin of the Taklimakan Desert provides a favorable environment for such a study. The 81 

complex topography of the Tibetan Plateau and surrounding mountain ranges strongly modulates the 82 

regional wind field and atmospheric stratification through both thermal and mechanical forcing. 83 

Nocturnal low-level jets occur frequently with an annual frequency exceeding 60% over the Taklimakan 84 

Desert, with dominant easterly or east-northeasterly flow (J. M. Ge et al., 2016; Wang et al., 2026). In 85 

summer, the westerly flow is further modified by the Tibetan Plateau and bifurcates near the Pamir 86 

Plateau, with the northern branch entering the Tarim Basin through the gap between the Tian Shan and 87 

the Kunlun Mountains (Zu et al., 2008). These regional conditions favor the development of layered jet 88 

structures and potentially provide a suitable environment for ducted gravity-wave propagation. 89 

In this study, we investigate three nocturnal ducted tropospheric gravity-wave events observed in 90 

September 2021 by continuous CDWL measurements at Minfeng, located on the southern margin of the 91 

Taklimakan Desert. The observations are combined with ERA5 reanalysis and WRF simulations to 92 

examine the wave characteristics, the thermal and Doppler ducting environment, and the role of the 93 

double-jet structure in wave trapping and evolution. The paper is organized as follows. Section 2 94 

describes the observation site, instrumentation, datasets, and WRF model configuration. Section 3 95 

presents the observed wave characteristics, examines the ducting mechanisms, and compares the results 96 

with WRF simulations. Section 4 summarizes the main conclusions. 97 

 98 

2. Observation and datasets 99 

2.1 Observation site 100 

The Taklimakan Desert, ranking as the world's second-largest shifting sand desert and China's most 101 

extensive desert region (Rittner et al., 2016; W. Sun & Gao, 2022). The observation site at Minfeng 102 

(37.06°N, 82.69°E; 1418 m above sea level), illustrated in Figure 1, is situated along the southern margin 103 

of the Taklimakan Desert, adjacent to the northern foothills of the Kunlun Mountains, and experiences 104 

pronounced Tibetan Plateau influences. This region is characterized by extended sunshine duration, 105 

intense solar radiation, minimal precipitation, and the convergence of eastward and westward airflows, 106 

rendering it one of China's most sand-storm-prone areas (J. Ge et al., 2008; Ming et al., 2019; Xing et 107 

al., 2024). 108 

 109 
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Figure 1. Digital Elevation Model (DEM) map of the Taklimakan Desert. The red triangle indicates the research 110 

site at Minfeng. 111 

2.2 Coherent Doppler wind lidar  112 

This investigation utilizes a compact CDWL operating in velocity azimuth display (VAD) scanning 113 

mode with an elevation angle of 70° (Elshora et al., 2024; Su et al., 2024). The system employs an eye-114 

safe 1.5 μm wavelength and achieves temporal and radial resolutions of 1 s and 30 m, respectively. The 115 

lidar emits pulses at 10 kHz repetition frequency with 130 μJ pulse energy to achieve a maximum 116 

detection range of up to 15 km. The key operating parameters of the Doppler lidar system are summarized 117 

in Table 1. Detailed information about the validation and application of the lidar system can be found in 118 

our previous works (Jia et al., 2019; Wei et al., 2020, 2021; Su et al., 2024; Shangguan et al., 2017). In 119 

this study, the carrier-to-noise ratio (CNR), horizontal wind speed, wind direction, and vertical wind 120 

speed with 1 min temporal resolution were used. 121 

Table 1. Key operating parameters of the Doppler lidar system 122 

Parameter Value 

Wavelength (μm) 1.5 

Pulse energy (μJ) 130 

Repetition rate (kHz) 10 

Diameter of telescope (mm) 100 

Range gate length (m) 30 

Sampling frequency (MHz) 500 

Radial time resolution (s) 1 

Scanning mode VAD 

Elevation angle (°) 70 

Azimuth angle (°) 0-360 

 123 

2.3 Radiosonde 124 

Routine radiosonde observations used in this study were obtained from the Minfeng upper-air station 125 

(station ID 51839) in the China Meteorological Administration (CMA) observing network. Operational 126 

radiosonde stations in China widely used GTS1 digital radiosondes as key components of the L-band 127 

sounding system, which combines a digital radiosonde with a secondary wind-finding radar and provides 128 

vertical profiles of air temperature, pressure, relative humidity, wind speed, and wind direction from the 129 

surface to the middle stratosphere. In this study, the routine soundings at 08:00 and 20:00 Beijing Time 130 

(BJT) were used to evaluate the local thermodynamic structure and to assess the representativeness of 131 

the ERA5 profiles over Minfeng. 132 

 133 

2.4 ERA5 reanalysis data 134 

Hourly ERA5 reanalysis data produced by the European Centre for Medium-Range Weather Forecasts 135 

(ECMWF) were used to characterize the large-scale meteorological background. The pressure-level 136 

product, with a horizontal resolution of 0.25° × 0.25° and 37 pressure levels, was employed to describe 137 

the three-dimensional wind field over the Taklimakan Desert and surrounding regions. In addition, 138 

surface variables, including temperature, pressure, and near-surface winds, were used to examine the 139 

linkage between synoptic-scale forcing and local atmospheric processes near Minfeng. 140 

At the Minfeng site, ERA5 vertical profiles of temperature and horizontal wind were extracted to 141 

diagnose the local thermodynamic and dynamical environments relevant to gravity-wave propagation 142 
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and trapping. Potential temperature (θ), and Brunt-Väisälä frequency squared (N²) were further derived 143 

from the ERA5 pressure-level data and used to identify stable layers and possible thermal ducting 144 

structures. 145 

 146 

2.5 WRF model description 147 

The WRF model, version 4.7 (Weather Research and Forecasting model), reconstruct the three-148 

dimensional physical structure of the observed gravity waves. A primary objective is to resolve the 149 

horizontal wave characteristics, including horizontal wavelength, wave orientation, and phase speed. 150 

Three nested domains were configured using a Lambert conformal projection, with horizontal resolutions 151 

of 4.5, 1.5, and 0.5 km for d01-d03, respectively. All domains employed 45 vertical eta levels with a 152 

model top at 50 hPa. The slope-radiation and terrain-shading options were enabled to account for 153 

topographic effects on radiation. For the physical parameterizations, the WRF Single-Moment 6-class 154 

(WSM6) microphysics scheme was used in all domains (Hong & Lim, 2006). The Kain-Fritsch cumulus 155 

parameterization was applied only in the outermost domain (Kain, 2004), while cumulus 156 

parameterization was turned off in the convection-permitting inner domains. Both longwave and 157 

shortwave radiation were represented using the Rapid Radiative Transfer Model for GCMs 158 

(RRTMG;Iacono et al., 2008). Turbulent mixing within the planetary boundary layer and near-surface 159 

exchange were treated using the Mellor-Yamada-Nakanishi-Niino (MYNN) Level 2.5 PBL scheme 160 

(Nakanishi & Niino, 2009; Olson et al., 2019) and the MYNN surface-layer scheme (Olson, 2021), 161 

respectively, coupled with the unified Noah land surface model (Chen & Dudhia, 2001; Tewari et al., 162 

2004). The initial conditions and the lateral boundary conditions for the outermost domain were derived 163 

from the ERA5 reanalysis at 0.25° × 0.25° resolution. 164 

 165 

3. Results and Discussion 166 

3.1 Internal gravity waves (IGWs) 167 

Ducted gravity waves can manifest as periodic oscillations in atmospheric pressure, horizontal and 168 

vertical wind speed, wind direction, temperature, and water vapor (Nappo, 2013). Figure 2 presents the 169 

time-height distributions of horizontal wind speed, wind direction, and vertical wind speed observed by 170 

the CDWL during three nocturnal periods. In all cases, the vertical structure is characterized by a lower-171 

level easterly jet (~10 m s-1) below 4 km, an overlying westerly jet (10-15 m s⁻¹) at 6-7 km, and a 172 

persistent weak-wind layer (< 2 m s⁻¹) sandwiched between them at 4-5 km. Within this weak-wind layer, 173 

pronounced high-frequency wave-like oscillations are clearly observed in vertical wind components. 174 

These fluctuations are closely collocated in time and altitude and extend from the base of the upper-level 175 

westerly jet into the weak-wind layer and fading out near the lower-level easterly jet.  176 

Figure 3 shows the vertical profiles of horizontal wind speed, horizontal wind shear, and the maximum 177 

of vertical wind perturbation w' for the three cases. The horizontal wind speed and wind shear are 178 

averaged over a 30-minute window centered on the time of peak w' at each altitude level. The w' profile 179 

represents the maximum vertical wind perturbation at each level within the analysis time window (as 180 

defined in Eq. 1). In all three cases, the horizontal wind speed increases above 5 km, corresponding to 181 

the upper-level westerly jet. Furthermore, the altitude range of maximum w' (indicated by the grey 182 

shading) broadly coincides with the region of enhanced wind shear, suggesting that the observed gravity 183 

waves were likely generated by dynamical instability induced by the strong vertical wind shear of the 184 

upper-level westerly jet. 185 

 186 
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 187 
Figure 2. Time-height plot of (a1-a3) carrier-to-noise ratio (CNR), (b1-b3) horizontal wind speed, (c1-c3) horizontal 188 

wind direction, and (d1-d3) vertical wind speed observed by the Doppler wind lidar during three nocturnal periods: 189 

21:00-06:00 BJT on 6-7 September, 7-8 September, and 17-18 September, 2021. All altitudes are given as above 190 

sea level (ASL). 191 

 192 
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Figure 3. Vertical profiles of (a1-a3) horizontal wind speed, (b1-b3) horizontal wind shear, and (c1-c3) 193 

the maximum amplitude of vertical wind perturbation w'. These were observed on 02:00-04:00 7 194 

September, 01:00-03:00 8 September, and 23:00 17 September -01:00 18 September 2021, respectively. 195 

Blue-shaded areas denote the regions of maximum w'. 196 

 197 

To further characterize the wave activity in both the time and frequency domains, the continuous wavelet 198 

transform (CWT) was applied (Torrence & Compo, 1998). For each case, the horizontal and vertical 199 

wind components (u, v, w) measured by the CDWL were first resampled to 1-minute temporal resolution. 200 

Subsequently, wind data within the height range of the weak-wind layer were extracted and altitude-201 

averaged to obtain representative time series. Figure 4 shows the wavelet power spectra overlaid with 202 

the corresponding height-averaged wind speed time series, highlighting the dominant oscillation periods 203 

and the time intervals of enhanced wave activity. 204 

Overall, all three wind components exhibit pronounced and isolated wavelet power enhancement centers 205 

within the 10-30 min period band. These high-energy regions correspond closely to the wave-like 206 

oscillations seen in the wind time series. Specifically, for case 1 (Fig. 4a1-c1) and case 2 (Fig. 4a2-c2), 207 

the wavelet power spectrum of the vertical velocity exhibits a highly concentrated energy peak near 02:00 208 

BJT at a period of approximately 20 min, indicating significant time-frequency localization. In case 3 209 

(Fig. 4a3-c3), the wave activity appears earlier and is characterized by shorter periods of approximately 210 

10-15 min, and the three-dimensional wind components exhibit clear time-frequency coherence. 211 

Additionally, for case 2 and case 3, the dominant period of the fluctuations is observed to shift 212 

progressively toward higher frequencies (shorter periods) with time. The coherent oscillation of 213 

horizontal and vertical wind components within the same frequency band is consistent with the 214 

polarization relations described by linear gravity wave theory, providing kinematic evidence for the wave 215 

nature of the observed disturbances (Fritts & Alexander, 2003). 216 

 217 

Figure 4. Continuous wavelet power spectra of wind speed within the weak-wind layer. Panels (a1-a3), (b1-b3), and 218 

(c1-c3) represent the wavelet power spectra of the height-averaged u, v, and w components for the three cases, 219 

respectively. The gray curves denote the corresponding height-averaged wind speed time series. 220 

 221 
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To further investigate the dynamical properties of the observed disturbances, perturbation wind fields 222 

were extracted and polarization relations were employed for analysis. A Reynolds decomposition was 223 

first applied to the height-averaged wind field to separate it into a slowly varying background component 224 

and a wave perturbation component: 225 

𝑞ሺ𝑡ሻ ൌ 𝑞̄ሺ𝑡ሻ ൅ 𝑞ᇱሺ𝑡ሻ ሺ1ሻ 226 

where 𝑞̄ሺ𝑡ሻ denotes the background field, obtained using moving mean with time window of 60 min, 227 

and 𝑞ᇱሺ𝑡ሻ represents the residual perturbation. 228 

Based on the linearized equations under the Boussinesq approximation, and assuming wave-like 229 

solutions of the form 𝜉ᇱ ൌ 𝜉ሚሺ𝑧ሻ ⋅ expሾ𝑖ሺ𝑘𝑥 െ 𝜔𝑡ሻሿ , the continuity equation yields the polarization 230 

relation (Nappo, 2013): 231 

𝑢෤ ൌ െ
𝑚
𝑘
⋅ 𝑤෥ ሺ2ሻ 232 

where 𝑘 and 𝑚 are the horizontal and vertical wavenumbers, respectively. When m is real, the wave 233 

propagates freely in the vertical direction, and the phase difference between w' and u' is theoretically 0° 234 

or 180°. In contrast, when m is purely imaginary, the phase difference is ±90°, and the wave becomes 235 

evanescent in the vertical direction, with its amplitude decaying exponentially away from the duct center. 236 

To quantify the phase relationship between the horizontal and vertical perturbations, A Hilbert transform 237 

was applied layer by layer to u' and w' series to obtain their instantaneous phases, from which the phase 238 

difference Δ𝜙 ൌ 𝜙௨ െ 𝜙௪ was computed at each level. To reduce artificial discontinuities caused by 239 

phase wrapping near ±180°, circular statistical averaging was employed for temporal averaging and 5-240 

layer vertical smoothing (Mardia & Jupp, 2000), resulting in a continuous vertical profile of phase 241 

difference.  242 

Figure 5 shows the altitude-averaged time series of u' and w' within the weak-wind layer. In all three 243 

cases, the two perturbation components exhibit coherent oscillations during the gray-shaded wave-active 244 

intervals, indicating organized wave motions in the layer. Their temporal relationship, however, differs 245 

between the earlier and later wave-active stages: the signals are clearly offset in the earlier stage, whereas 246 

their lead-lag relationship changes noticeably in the later stage after the intensification of the lower-level 247 

easterly jet. This evolution suggests a change in wave polarization characteristics. Figure 6 presents the 248 

vertical profiles of the phase difference between w' and u' for the three cases. In the initial stage (Fig. 6a), 249 

the phase difference is predominantly clustered around −90° throughout most of the observed altitude 250 

range, indicating that u' lags w' by approximately 90°. This is consistent with the theoretical prediction 251 

for a purely imaginary m, suggesting that the waves are vertically evanescent at this stage and that their 252 

energy cannot propagate freely in the vertical direction. In the later stage (Fig. 6b), following the 253 

intensification of the easterly jet, the phase difference shifts markedly relative to the initial stage. Within 254 

the 4-6 km layer, the phase differences in cases 1 and 2 cluster near 45°, whereas that in case 3 clusters 255 

near 135°, indicating that the wave behavior has evolved away from the initial evanescent state and 256 

toward a more vertically propagating mode in this altitude range. Below approximately 4 km, the wave 257 

perturbations diminish markedly, suggesting that the easterly jet may act as a reflecting layer that 258 

prevents downward energy propagation (Gill & Donn, 2016; Nappo, 2013). The physical mechanisms 259 

underlying this transition are discussed in Section 3.3. 260 
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 261 

Figure 5. Time series of altitude-averaged u' (red dashed line, left axis) and w' (black solid line, right axis) 262 

perturbations within the weak-wind layer (4-5 km, ASL). Gray shaded regions denote the wave-active intervals 263 

selected for polarization analysis. Note the distinct lead-lag relationships between u' and w' in the earlier and later 264 

stages. 265 

 266 
Figure 6. Vertical profiles of the phase difference between u' and w' for three cases. (a) Initial stage prior to the 267 

intensification of the easterly jet. (b) Stage after the intensification of the easterly jet. Dots indicate the raw phase-268 

difference values at each altitude, and the colored solid lines denote the smoothed profiles derived from the Hilbert-269 

transform-based analysis. 270 

 271 

3.2 Ducting mechanism 272 

3.2.1 Thermal duct 273 

A thermal duct refers to an atmospheric layer of significantly enhanced static stability, typically bounded 274 

above and below by relatively weakly stable or near-neutral environments. The elevated N² within this 275 

layer implies a strong restoring force on vertically displaced air parcels, thereby inhibiting the vertical 276 

propagation of gravity waves. The static stability is quantified by N², defined as: 277 

𝑁ଶ ൌ
𝑔
𝜃
𝑑𝜃
𝑑𝑧

ሺ3ሻ 278 
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Figure 7 compares the vertical thermodynamic structure from radiosonde observations and ERA5 279 

reanalysis for the three cases. In cases 1 and 2, both the radiosonde observations and ERA5 reanalysis 280 

consistently show a temperature inversion between 4 and 6 km altitude, accompanied by markedly 281 

elevated N² values in this layer, indicative of strong static stability. In contrast, case 3 exhibits a less 282 

distinct inversion structure, with comparatively weaker stratification than the preceding two cases. 283 

Although ERA5 shows some limitations in fully resolving the sharp temperature inversion, it 284 

successfully captures the dominant N² enhancement near 5 km associated with the steep vertical gradient 285 

of potential temperature, confirming its suitability for characterizing the ducting structures examined in 286 

this study. Figure 8 presents the spatio-temporal evolution of N² derived from ERA5 reanalysis data. All 287 

three cases exhibit a consistent vertical stratification structure: between 2 and 4 km, N² remains 288 

persistently low (~0.5 × 10⁻⁴ rad² s⁻²), corresponding to a weakly stable, near-neutral layer; above 289 

approximately 4 km, N² increases progressively, defining a strongly stable layer that acts as a 290 

thermodynamic waveguide, inhibiting the vertical propagation of wave energy and confining it to quasi-291 

horizontal propagation. Notably, in case 3, the stable layer is comparatively weaker and situated at a 292 

somewhat higher altitude than in cases 1 and 2. This relatively weak and elevated stratification likely 293 

accounts for the deeper vertical extent of the wave oscillations observed at the initial time (21:00 BJT) 294 

in Figure 2, as the reduced trapping efficiency of the waveguide permits greater vertical penetration of 295 

wave energy. 296 

 297 

Figure 7. Vertical profiles of temperature, potential temperature, and Brunt-Väisälä frequency squared (N²) from 298 

radiosonde observations and ERA5 reanalysis for the three cases. Panels (a1-a3) show temperature (lower horizontal 299 

axis, K) and potential temperature (upper horizontal axis, K). The red solid and dash-dotted lines denote radiosonde 300 

temperature at 08:00 and 20:00 BJT, respectively, and the blue lines the corresponding potential temperature; the 301 

gray dash-dotted lines show the hourly ERA5 profiles from 21:00 to 06:00 BJT. (b1-b3) Vertical profiles of the 302 
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Brunt-Väisälä frequency squared (N²) with purple crosses and green open circles indicating radiosonde-derived 303 

values, and gray dash-dotted lines showing the hourly ERA5-derived profiles. 304 

 305 

 306 
Figure 8. Time-height evolution of the squared buoyancy frequency (N²) from ERA5 reanalysis for the three cases: 307 

(a) 6-7 September , 2021, (b) 7-8 September, 2021, and (c) 17-18 September, 2021. The white dashed contour marks 308 

the N² = 1.0 × 10⁻⁴ rad² s⁻² isoline separating weakly and strongly stable layers. 309 

 310 

3.2.2 Doppler duct 311 

In addition to the trapping effect of the thermal stratification, the vertical shear of the background wind 312 

field is another critical factor governing the effective trapping of gravity waves. This wind-modulated 313 

wave-trapping mechanism is referred to as Doppler ducting (Fritts & Yuan, 1989). Figure 9 shows the 314 

horizontal wind fields on constant-altitude slices at 3, 4, 5, and 6 km for the three cases, superimposed 315 

on the DEM terrain background. Figure 10 presents the corresponding ERA5 surface fields, with panels 316 

(a1-a3) showing surface temperature and pressure and panels (b1-b3) showing the near-surface wind 317 

field. 318 

During nighttime, the ERA5 near-surface fields show relatively higher pressure over the basin floor and 319 

lower pressure along the surrounding terrain (Fig. 10a1-a3). Together with the surface wind field, this 320 

pattern is consistent with pressure-gradient-driven divergent outflow from the basin interior. 321 

Concurrently, nocturnal radiative cooling along the northern slopes of the Kunlun Mountains favors the 322 

development of a downslope mountain-wind circulation (Elshora et al., 2025). These two airflows 323 

converge along the southern rim of the basin, establishing a lower-level easterly jet oriented parallel to 324 

the mountain ridge (Fig.10b1-b3). The upper-level westerly jet originates from the pronounced 325 

bifurcation of the westerly flow by the Tibetan Plateau (Yeh, 1950), placing the Minfeng station beneath 326 

the accelerating divergence zone of the northern branch jet (Fig. 9). At the interface between the easterly 327 

jet and westerly jet, a near-complete reversal of wind direction produces a transitional layer characterized 328 

by a wind speed minimum. 329 

It should be noted that the observed gravity waves are unlikely to be classic lee waves generated by 330 

airflow over the mountain terrain. As shown in Figure 9, the westerly flow above 5 km is predominantly 331 

oriented parallel to the mountain ridge, with no significant cross-ridge component, which does not favor 332 

the dynamical conditions typically required for lee wave excitation. The observed gravity waves are 333 

therefore more plausibly attributed to the strong vertical wind shear associated with the dual-jet structure 334 

consisting of the easterly jet and the westerly jet, with a plausible wave source being the intense shear 335 

zone near the interface between the two jets, where dynamical instability is likely to develop. 336 
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 337 

Figure 9. Horizontal wind slices over the Taklimakan Desert for the three cases derived from ERA5 reanalysis. The 338 

panels correspond to (a) 02:00 BJT, 7 September 2021; (b) 02:00 BJT, 8 September 2021; (c) 00:00 BJT, 18 339 

September 2021. Horizontal wind speed (shaded; m s−1) and wind vectors (black arrows) are shown on constant-340 

altitude horizontal slices at 3, 4, 5, and 6 km, with the DEM shown as the underlying terrain. The red inverted triangle 341 

marks the location of Minfeng.  342 

 343 

Figure 10. Surface meteorological fields for the three cases based on ERA5 reanalysis data. (a1-a3) Surface 344 

temperature (shaded, unit: K) and surface pressure (contours, unit: hPa); (b1-b3) horizontal wind speed (shaded, unit: 345 

m s-1) and wind vectors at a height of 10 m. The columns correspond to the following times: (a1, b1) 02:00 BJT, 7 346 

September 2021; (a2, b2) 02:00 BJT, 8 September 2021; (a3, b3) 00:00 BJT, 18 September 2021. 347 

 348 

Following the clarification of the double-level jet's formation mechanism, it is essential to further 349 

elucidate the trapping and guiding effects of this dynamical structure on gravity wave propagation. To 350 

quantitatively assess the vertical propagation environment, the Scorer parameter (Q²) from the Taylor-351 

Goldstein equation is introduced: 352 

𝑄ଶ ൌ
𝑁ଶ

ሺ𝑐 െ 𝑢଴ሻଶ
൅

𝑢଴ᇱᇱ

𝑐 െ 𝑢଴
െ 𝑘ଶ ሺ4ሻ 353 

where N is the buoyancy frequency, c is the horizontal phase speed, u0 is the background wind speed, u0
'' 354 

is the second vertical derivative of the background wind, and k is the horizontal wavenumber. 355 

Wave propagation is permitted within regions where Q² > 0, and when such a layer is bounded above 356 

and below by evanescent zones where Q² < 0, a classical Doppler duct is established. This ducting 357 

mechanism effectively traps gravity wave energy within the jet system, minimizing vertical leakage. 358 
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Meanwhile, as u0 approaches c, the waves enter a critical layer region where their energy is absorbed by 359 

the background flow, thereby blocking further vertical penetration. 360 

However, the single-lidar observations are insufficient to directly retrieve the horizontal wavenumber k 361 

and horizontal phase speed c, precluding a purely observation-based quantitative evaluation of the Q² 362 

profile. High-resolution WRF simulations are therefore employed to provide the three-dimensional wave 363 

structure alongside estimates of phase speed and horizontal wavenumber, enabling a more rigorous 364 

quantitative assessment of the ducting mechanisms. 365 

 366 

3.3 WRF Simulation 367 

The WRF-simulated background wind field at Minfeng was first compared with the lidar observations 368 

(Fig. 11). The model reproduces the observed layered flow configuration, including the lower-level 369 

northeasterly-to-easterly flow, the upper-level westerly jet, and the intervening weak-wind layer. 370 

However, the simulated lower-level flow is systematically located about 1 km lower than observed, 371 

which also shifts the weak-wind layer and the main wave-active region downward by roughly 1 km. This 372 

low bias may result from uncertainties in the representation of boundary-layer processes over complex 373 

terrain, smoothing of the background flow in the initial and boundary conditions, and the terrain-374 

following vertical coordinate in WRF. Although it limits the exact altitude matching between simulations 375 

and observations, the model still captures the relative jet structure and shear configuration relevant to 376 

wave trapping. The simulation therefore provides a useful three-dimensional complement to the single-377 

station lidar observations. 378 

 379 
Figure 11. Time-height cross-sections of the WRF-simulated wind field at Minfeng for the three nocturnal cases. 380 

(a1-a3) horizontal wind speed, (b1-b3) horizontal wind direction, and (c1-c3) vertical wind speed during three 381 

nocturnal periods: 21:00-06:00 BJT on 6-7 September, 7-8 September, and 17-18 September, 2021. 382 

 383 

Following the evaluation of the simulated background wind field, the three-dimensional wave structure 384 

can be examined more directly. Figure 12 presents longitude-altitude cross-sections of simulated vertical 385 

velocity along 37.06°N at selected times, illustrating the vertical structure and horizontal propagation 386 

https://doi.org/10.5194/egusphere-2026-2865
Preprint. Discussion started: 22 July 2026
c© Author(s) 2026. CC BY 4.0 License.



 14

characteristics of the gravity waves. In all three cases, wave signals are mainly concentrated between 387 

82°E and 83.5°E, close to the Minfeng site. On 7 September, the wave pattern is most pronounced, with 388 

clear alternating positive and negative vertical-velocity centers developing between about 3 and 5 km 389 

and becoming strongest at 02:40-03:00 BJT. On 8 September, a similarly coherent but more localized 390 

wave packet is evident, mainly confined to 3-4.5 km and characterized by a shorter horizontal scale. In 391 

contrast, the simulated wave signatures on 18 September are much weaker, with less distinct alternating 392 

structures and smaller amplitudes, indicating reduced organization of the wave field in that case. 393 

Consistent with the background-field comparison in Fig. 11, the simulated wave core is also located 394 

slightly lower than observed. It is also noted that the simulated wave signals in Fig. 12 are slightly 395 

spatially offset from the Minfeng site, which may partly account for the relatively weak vertical wind 396 

perturbations seen in Fig. 11c1-c3. 397 

The horizontal wavelength characteristics of the simulated waves are further quantified by the FFT power 398 

spectra of WRF-simulated vertical velocity along the longitude direction at selected heights, as shown in 399 

Fig. 13. On 7 September, the dominant wavelength remains relatively stable at about 10-14 km. On 8 400 

September, the dominant wavelength is shorter and more concentrated, clustering around 6-7 km. By 401 

contrast, on 18 September, the dominant spectral peak varies markedly among the selected times, ranging 402 

from about 8 to 17 km, and the overall spectral energy is weaker.  403 

 404 

 405 
Figure 12. Longitude-altitude cross-sections of WRF-simulated vertical velocity (w) along 37.06°N at selected times. 406 

Columns show successive time snapshots, and rows correspond to 7 September (02:00-03:00 BJT), 8 September 407 

(02:00-03:00 BJT), and 18 September (00:00-01:00 BJT) 2021, respectively.  408 
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 409 

Figure 13. FFT power spectra of WRF-simulated vertical velocity along the longitude direction at selected heights. 410 

Columns correspond to the same time snapshots as in Figure 12, and rows correspond to September 7 (z = 3.5 km), 411 

September 8 (z = 3.8 km), and September 18 (z = 3.0 km), respectively. Red inverted triangles mark the dominant 412 

spectral peaks, and the corresponding dominant wavelengths (km) are labeled. 413 

 414 

To characterize the horizontal propagation of the simulated gravity waves, Hovmöller diagrams of 415 

vertical velocity perturbation along 37.06°N were constructed for the three cases. In a Hovmöller diagram, 416 

longitude is plotted on the horizontal axis and time on the vertical axis, allowing the horizontal phase 417 

speed and propagation direction of the waves to be directly inferred from the inclination and slope of the 418 

streaks (Torrence & Compo, 1998). Figures 14(a-c) show the Hovmöller diagrams of vertical velocity 419 

along 37.06°N at selected altitudes for 7 September, 8 September, and 18 September, 2021, respectively. 420 

In all three cases, the waves propagate eastward. The horizontal phase speed is approximately 6.0 m s-1 421 

on September 7 and September 8, and slightly lower at approximately 4.0 m s-1 on September 18.  422 

To compare the simulations with the lidar observations, the dominant horizontal wavelength was 423 

estimated from spatial FFT analysis of the WRF-simulated vertical velocity fields, and the simulated 424 

wave period was then calculated as the ratio of wavelength to phase speed. The resulting parameters are 425 

summarized in Table 2. On 8 September, the simulated period (19 min) agrees well with the observed 426 

value (20 min), whereas on 7 September the simulated period (32 min) is somewhat longer than observed 427 

(20 min) but remains of the same order of magnitude. In contrast, the discrepancy is substantial on 18 428 

September, when the simulated period (52 min) is much longer than the observed period (15 min). This 429 

mismatch likely reflects the limited ability of the model to reproduce the fine-scale structure and 430 

evolution of the wave field in that case. 431 

Using the retrieved horizontal phase speeds, the Scorer parameter squared (Q²) was further evaluated the 432 

diagnose the vertical propagation environment. Q² combines the effects of background wind and static 433 

stability and is commonly used to identify layers favorable for wave propagation and trapping. Regions 434 

with Q² > 0 are conducive to wave propagation, whereas regions with Q² < 0 correspond to evanescent 435 

layers in which wave amplitudes decay and partial reflection or trapping may occur. Figures 14(d-f) 436 

present the height-time cross-sections of Q² for the three cases. In all cases, a distinct sign-reversal from 437 

negative values below to positive values is evident near 5 km altitude. This indicates that wave activity 438 

is suppressed beneath this level, while within the overlying ducting layer the waves are sustained and 439 

propagate. The simulated Q² structure is also consistent with the phase-difference analysis shown in Fig. 440 

6. During the initial stage, when the easterly jet and its associated evanescent layer were relatively weak, 441 

https://doi.org/10.5194/egusphere-2026-2865
Preprint. Discussion started: 22 July 2026
c© Author(s) 2026. CC BY 4.0 License.



 16

the wave perturbations extended over a broader vertical range and exhibited comparatively larger 442 

amplitudes. As the easterly jet intensified, the evanescent layer deepened and its reflective effect became 443 

stronger, progressively confining the wave energy to a narrower altitude range. 444 

 445 

 446 
Figure 14. (a-c) Hovmöller diagrams of WRF-simulated vertical velocity perturbation (w') along 37.06°N for 7 447 

September, 8 September, and 18 September, 2021, respectively. The black dashed line indicates the horizontal 448 

propagation of gravity waves, with its slope corresponding to the horizontal phase speed. (d-f) Height-time cross-449 

sections of the Scorer parameter squared (Q²) for the corresponding three cases. Red denotes regions with Q² > 0, 450 

favorable for wave ducting, whereas blue denotes regions with Q² < 0, corresponding to evanescent conditions. 451 

 452 

Table 2. Wave parameters derived from WRF simulations and observations 453 

Sep 7 Sep 8 Sep 18 

Simulated dominant wavelength (km) 11.5 6.8 12.5 

Simulated phase speed (m s⁻¹) 6 6 4 

Simulated period (min) 32 19 52 

Observed period (min) 20 20 15 

In summary, the observed gravity wave activity appears to have been modulated by several interacting 454 

dynamical and thermodynamical processes. First, the intense vertical wind shear at the base of the 455 

westerly jet (WJ) likely provided a favorable environment for wave generation. Second, the shear 456 

interface at the lower boundary of the WJ, together with the underlying weak-wind layer, formed a 457 

Doppler duct, while the strongly stable layer associated with the temperature inversion acted as a thermal 458 

duct. The combined action of these two ducting mechanisms limited vertical energy leakage and favored 459 

the horizontal confinement of wave energy within a preferred altitude range. In addition, the lower-level 460 

easterly jet appears to have acted as a reflective barrier through the associated evanescent layer, whereas 461 

critical levels within the WJ may have absorbed part of the upward-propagating wave energy. Taken 462 

together, these processes suggest that the double-jet structure provided a dynamically favorable 463 

environment for the trapping and horizontal propagation of the nocturnal gravity waves observed in this 464 

study. 465 

Beyond wave trapping and vertical confinement, an additional issue concerns the observed evolution of 466 

wave frequency. In the present cases, the strengthening of the easterly jet was accompanied by changes 467 

in the lower boundary and effective depth of the duct (Fig. 2), suggesting that the waveguide itself 468 

evolved during the event. According to ducting theory, a waveguide does not support a continuous 469 

spectrum of waves, instead, only discrete trapped modes satisfying specific vertical boundary conditions 470 
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can be maintained (Dong et al., 2021). Lindzen and Tung (1976) described a ducting framework bounded 471 

below by the ground and above by an atmospheric reflector in which the vertical wavelength L and the 472 

duct depth H satisfy the resonance condition 
ு

௅
ൌ

ଵ

ସ
൅

௡

ଶ
, where n denotes the mode number. This 473 

relationship indicates that changes in duct depth can modify the set of permitted trapped modes and 474 

thereby alter the dominant wave signal sustained within the duct. Because the intrinsic frequency of a 475 

gravity wave is linked to the wavevector through the dispersion relation (Fritts & Alexander, 2003), a 476 

change in the permitted vertical mode can be accompanied by adjustments in vertical wavenumber, 477 

horizontal wavelength, and hence intrinsic period. From this perspective, the observed shortening of the 478 

dominant period is consistent with an evolving mode-selection process as the duct was compressed by 479 

the strengthening and upward development of the lower-level easterly jet. 480 

It should be emphasized, however, that the frequency observed at a fixed lidar site is not determined by 481 

modal selection alone. Ground-based measurements record an apparent frequency that reflects both the 482 

intrinsic wave frequency and the Doppler shifting imposed by the background flow; accordingly, changes 483 

in the ambient wind can modify the observed period even when the intrinsic wave properties remain 484 

unchanged. However, due to the current reliance on single-station observations, a direct quantitative 485 

decomposition of these modal transitions remains elusive. A more rigorous attribution analysis would 486 

require coordinated multi-point observations or dedicated numerical modal analysis to simultaneously 487 

constrain the evolution of horizontal wavelength, phase speed, and intrinsic frequency. 488 

Although the framework outlined above provides a plausible interpretation of the excitation, trapping, 489 

and frequency evolution of the observed gravity waves, the wave events remained relatively short-lived. 490 

Despite reaching appreciable amplitudes during the active stage, the wave signals decayed rapidly 491 

thereafter. One possible explanation is the formation of a critical layer within the westerly jet, where the 492 

horizontal phase speed of the waves approached the background wind speed. Under such conditions, 493 

wave energy could be efficiently absorbed by the mean flow, thereby weakening or terminating the 494 

observable wave activity (Nappo & Chimonas, 1992). 495 

 496 

4. Conclusion 497 

Based on CDWL observations, ERA5 reanalysis, and WRF simulations, this study investigated nocturnal 498 

tropospheric gravity waves embedded in a double-jet environment over the southern margin of the 499 

Taklimakan Desert. The main findings are summarized as follows. 500 

1. Clear nocturnal tropospheric gravity-wave perturbations were observed over the southern margin of 501 

the Taklimakan Desert. In all three cases, the waves occurred within a characteristic double-jet 502 

environment, consisting of a lower-level easterly jet below 4 km, an upper-level westerly jet at 6-7 km, 503 

and a weak-wind layer in between. The observed wave perturbations had dominant periods of 10-20 min, 504 

with the largest amplitudes located near the strong vertical wind shear at the base of the westerly jet. 505 

Together with enhanced static stability, this shear zone provided favorable conditions for wave 506 

generation. 507 

2. The observed wave activity was consistent with the combined effects of thermal and Doppler ducting. 508 

The stable layer associated with the temperature inversion acted as a thermal duct, while the jet shear 509 

structure contributed to Doppler ducting. Together, these processes limited vertical energy leakage and 510 

favored wave trapping within a relatively narrow altitude range. 511 

3. The lower-level easterly jet likely acted as an additional reflecting boundary through the associated 512 

evanescent layer, further restricting the vertical space available for wave propagation. Together with 513 
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possible critical-level absorption within the westerly jet, this may also help explain the short-lived 514 

character of the observed wave events. 515 

4. The observed evolution of dominant wave period appears to be related to changes in duct structure as 516 

the easterly jet developed. As the lower-level easterly jet intensified, the ducted layer became vertically 517 

compressed and the dominant wave period shifted from longer to shorter values within the observed 10-518 

20 min range. The results are consistent with the interpretation that an evolving waveguide modified the 519 

set of permitted trapped modes, thereby contributing to the shift toward higher frequencies. However, 520 

the present data do not allow a quantitative separation of modal selection, dispersion effects, and Doppler 521 

shifting by the background flow. 522 

Overall, this study provides case-based observational and modeling evidence that the double-jet structure 523 

over the southern Taklimakan Desert can act as an effective waveguiding environment for nocturnal 524 

tropospheric gravity waves. The high temporal and vertical resolution of the CDWL measurements 525 

enabled the detection of fine-scale wave signatures that are not readily resolved by conventional 526 

observing systems, while the numerical simulations provided complementary information on horizontal 527 

structure, phase speed, and the ducting environment. Taken together, the results suggest that jet-induced 528 

duct structures can selectively trap and filter gravity-wave modes and modulate their vertical 529 

confinement and frequency evolution in this topographically complex region. 530 

These findings are consistent with previous studies showing that stable layers and background wind shear 531 

can support ducted gravity waves. However, most previous observational and modeling studies have 532 

emphasized gravity waves in the stratosphere and higher atmosphere, or have focused on more classical 533 

sources such as topography, convection, and frontal systems. The present study extends this 534 

understanding by showing that a nocturnal lower-tropospheric double-jet structure can itself form an 535 

effective waveguiding environment. In this sense, the results provide new observational and modeling 536 

evidence that jet-induced ducting can modulate not only the vertical confinement of tropospheric gravity 537 

waves but also their frequency evolution. 538 

Several limitations should nevertheless be acknowledged. First, single-station lidar observations cannot 539 

directly resolve the horizontal structure of the waves, so estimates of horizontal wavelength, phase speed, 540 

and propagation direction depend partly on WRF simulations. Second, the model exhibits a systematic 541 

low bias of about 1 km in the simulated wave-core altitude, likely related to uncertainties in boundary-542 

layer parameterization and smoothing of the background flow over complex terrain. This bias limits the 543 

precision of the model-observation comparison and introduces uncertainty into the diagnosed Q² 544 

structure. 545 

These limitations also point to several directions for future work. The nearly two years of continuous 546 

high-resolution wind observations already collected at Minfeng provide an important basis for future 547 

statistical studies of ducted gravity-wave activity over the southern Taklimakan Desert. In addition, 548 

coordinated observations using multiple Doppler lidars would allow direct retrieval of horizontal wave 549 

structure and propagation characteristics, substantially reducing the present reliance on numerical 550 

simulations. More broadly, the present results suggest that lower-tropospheric ducting in double-jet 551 

environments may represent an underrepresented process in gravity-wave parameterization, particularly 552 

with respect to wave trapping, spectral filtering, and the selective transmission of wave energy. 553 

 554 

Data availability. ERA5 reanalysis data are publicly available from the Copernicus Climate Data Store 555 
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