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Abstract

:

Diurnal variations of gravity waves over the Tibetan Plateau (TP) in summer 2015 were investigated based on high-resolution downscaled simulations from WRF-EnKF (Weather Research and Forecasting model and an ensemble Kalman filter) regional reanalysis data with particular emphasis on wave source, wave momentum fluxes and wave energies. Strong diurnal precipitations, which mainly happen along the south slope of the TP, tend to excite upward-propagating gravity waves. The spatial and temporal distributions of the momentum fluxes of small-scale (10–200 km) and meso-scale (200–500 km) gravity waves agree well with the diurnal precipitation distributions. The power spectra of momentum fluxes also show that the small- and meso-scale atmospheric processes become important during the period of the strongest rainfall. Eastward momentum fluxes and northward momentum fluxes are dominant. Wave energies are described in terms of kinetic energy (KE), potential energy (PE) and vertical fluctuation energy (VE). The diurnal variation and spatial distribution of VE in the lower stratosphere correspond to the diurnal rainfall in the troposphere.
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1. Introduction


Gravity wave is an important phenomenon which interacts with a wide variety of atmospheric processes at almost all scales [1,2]. It can transfer energy excited by small- and meso-scale atmospheric processes in the troposphere to large-scale circulations above the upper troposphere [1,3,4,5,6,7,8,9,10] and modifies the corresponding climate structures [11,12]. Gravity wave sources can include topography [13,14], convection [15,16,17], temperature gradient [18,19,20,21,22], and wind gradient [23,24,25,26,27,28,29]. The Tibetan Plateau (TP), which is the highest plateau in Asia, is an important source of mountain waves. The TP is also an important place of convective gravity waves, as active precipitations usually occur there in summer [30,31]. Since gravity waves generated over the TP have substantial effects on the regional weather and climate, it is an important subject to explore the associated wave sources and features.



There have been numerous studies of gravity waves based on different approaches—theoretical calculations [2,32,33,34], observations [7,10,35,36,37,38,39,40], and numerical simulations [15,17,41,42,43], to name only a few. However, due to the steep terrain and the lack of high-density observations over the TP, few diurnal features of gravity waves have been documented there. Geller et al. [42] compared gravity wave momentum fluxes among observations, high-resolution climate models (horizontal resolution ranges from 0.23° to 0.5625°), and low-resolution climate models (horizontal resolution ranges from 1.25° to 2.5°). Focused on the TP region, from global gravity wave momentum flux at upper levels for July 2006, high-resolution model results agree with the observations, while coarse-resolution climate model results deviate largely from the observations, which indicate that high-resolution simulations can provide reasonable gravity wave momentum flux distributions to a certain extent. Given that the observations available over the TP are inadequate and few diurnal features of gravity waves over the TP are documented with high-resolution simulation in the medium term (a 3-month period), it is a reasonable choice to use regional high-resolution forecast models when investigating regional features of gravity waves in summer.



In the current study, the gravity wave features over the TP, i.e., momentum fluxes and wave energies, are investigated using 12-h WRF-EnKF (Weather Research and Forecasting model and an ensemble Kalman filter) forecast results, with 10-km horizontal grid spacing. The goal of this study is to explore wave source, temporal and spatial distribution of the gravity wave momentum fluxes, and wave energies over the TP region. Section 2 describes the 12-h forecast results used in this study. The background fields are exhibited in Section 3. Gravity wave momentum fluxes over the TP and possible wave sources are discussed in Section 4. Gravity wave energy distributions are explored in Section 5. Discussion and the conclusion are presented in Section 6.




2. Data Description


2.1. Data from Ensemble-Based Downscaled Simulation


The data used in this study are 10 km-grid spacing and 12 h forecast results from downscaled (improved-resolution) simulations driven by WRF-EnKF reanalysis produced in He et al. [44]. The initial conditions and boundary conditions are obtained from the WRF-EnKF reanalysis data. The forecast model is the Weather Research and Forecasting model developed by UCAR (i.e., WRF model [45]). The previous gravity wave study [17,28] suggests a 10-km resolution can resolve not all but most of the small- and medium-scale waves. It has been verified that the simulated gravity wave spectrum is fairly insensitive to the physics parameterization choices used in the WRF [46]. In addition, since He et al. [44] proved that precipitation simulation performed well for this data, we only list the final choice of physics parameterization used for the current data below. The physical schemes include the WRF double-moment 6-class microphysics scheme, the longwave radiation scheme of the rapid radiative transfer model, the new Goddard shortwave radiation scheme, the Monin–Obukhov similarity surface-layer scheme, the Noah land surface model, and the Yonsei State University boundary layer scheme. According to previous study on regional simulation at ~10 km resolution [47], no cumulus parameterization scheme can better forecast rainfall processes over Tibetan Plateau [44,47]. More details of the experiment design and physical scheme can be found in He et al. [44].



The data covers a 3-month period from 1 June to 31 August 2015, with two domains over the Tibetan Plateau region (Figure 1 in He et al. [44]). The simulations of domain 1 are coarser, 30-km simulations. The simulations of domain 2, with 10-km grid spacing, employed in the current study are downscaled from the 30-km grid spacing simulations of domain 1. Domain 2 has a horizontal extent of 313 × 178 grid points and 60 vertical levels. The vertical grid spacing is stretched with surface grid spacing Δz ≈ 58 m and upper grid spacing Δz ≈ 550 m. The model top is set to be 10 hPa (~31 km). The upper damping layer is imposed for the upper 7 km with a w-Rayleigh damping condition applied [48]. This has weaker damping effects on the vertically propagating gravity wave over 17–24 km (defined as the lower stratosphere and upper troposphere).



The terrain height in the current study is shown in Figure 1a, with the outer lateral boundary of domain 2 excluded. Gravity wave activities over the two regions of the TP are of interest: one region is the main TP with topography height greater than 4.5 km (surrounded by a red line in Figure 1a), and the other region is the south slope of the TP with topographic height between 4.5 km and 0.3 km (the region between the red and blue lines within 26° N–35° N and 76° E–100° E in Figure 1a).



Based on the conclusions of He et al. [44], the biases between the 12-h forecast results of WRF-EnKF regional reanalysis data and observation are 0~0.15 g/Kg in specific humidity, −0.1~0.05 °C in temperature, −0.7~0.5 m/s in zonal wind, −0.1~1.5 m/s in meridional wind, and less than 0.15 mm/h in precipitation. This indicates that the 12-h WRF-EnKF forecast results perform well on the reproduction of meteorological fields.




2.2. Spin-Up Time


Aside from the direct comparison of meteorological fields with observations described in He et al. [44], in numerical simulation of gravity wave, model spin-up time (a pre-forecast period) should be long enough to allow gravity waves to develop and propagate vertically into upper levels. Plougonven et al. [49] adopted a 24 h spin-up time for the 20-km WRF model simulation of mountain waves above Antarctica. The 30-km MM5 model (PSU/NCAR mesoscale model [50]) simulation in Zhang et al. [51] indicated that 30 h of lead time was needed for jet-front and mountain waves. The 15-km (3-km, 1-km) WRF model simulation for a case study of midlatitude convective waves allows for 9 h of spin-up time in Stephan and Alexander [52]. The 2-km idealized WRF model simulation for gravity waves excited by meso-scale rainfall allows for 1 h of spin-up time in Stephan and Alexander [46].



Since the longest available forecast time in the current dataset is 12 h, the spin-up time is examined by comparing momentum fluxes between the 6-h forecast results and the 12-h forecast results. Figure 1b,c shows the area-averaged and 3-month averaged momentum fluxes varying with height. The tendency of momentum flux per unit volume varying with height is similar between those two different lead time forecasts. The maximum biases between them in the troposphere are 0.0087 Pa over the main TP and 0.0178 Pa over the south slope (Figure 1b), which implies that the 12-h forecast can allow more gravity wave development in the troposphere. The maximum increase from a 6-h forecast to a 12-h forecast in stratosphere is a 15% increase over the main TP and a 25% increase over the south slope, which implies that the 12-h forecast can ensure that more gravity waves with smaller vertical group velocities can have time to reach stratosphere.





3. Background Field


3.1. Large-Scale Environment


Figure 2a shows the 3-month mean of 500 hPa geopotential height and 200 hPa jet stream winds. The Tibetan Plateau is on the south side of the 200 hPa jet and is on the southeast side of a weak south Asia subtropical high at 500 hPa. A shallow trough at 500 hPa is over the main TP.



The area-averaged and 3-month-averaged zonal wind, varying with height, is shown in Figure 2b. The mean zonal wind shifts direction between troposphere and stratosphere. The approximate zero wind levels are between 100 hPa and 70 hPa. Since the phase speed of a stationary mountain wave is zero, most of the mountain waves should break at the stagnant critical level (u = 0) and will not propagate upward into the stratosphere.




3.2. Diurnal Precipitation


The 3-month-averaged diurnal cycle of 6-h accumulated rainfall starting at 06 UTC (12 local time) is shown in Figure 3. The local precipitation starts along the foot of south TP slope before the local noontime (Figure 3a). The main precipitation becomes active above the south slope of the TP in the late afternoon (18 local time, Figure 3b). The largest rainfall peak is next to the south edge of the main TP between 83° and 90° E. At midnight (Figure 3c), the precipitation is still active and prevails throughout the south TP slope, with a decay of rainfall in the west and development of a secondary rainfall maximum over the southeast slope. During the early morning, the rainfall diminishes and retreats to the foot of the south TP slope (Figure 3d).



Note that convection is frequently recorded over the east part of the main TP in summer. However, the intensity and duration of the rainfall are very poor, which induces the weak average value in Figure 3.





4. Momentum Flux of Gravity Wave


4.1. Diurnal Variation of Momentum Flux


In this section, the characteristics of gravity wave momentum fluxes above the TP region are examined. Here, we calculate the momentum fluxes for the gravity wave with horizontal wavelengths of 10–500 km. Note that gravity waves with horizontal wavelength less than 50 km are partially resolved due to the limit of horizontal grid spacing. Gravity waves with horizontal wavelength greater than 50 km are fully resolved. To avoid the underestimation of total momentum fluxes due to the opposite propagating directions [53], and to consider the density effects on the momentum amplitude [54], we calculated absolute horizontal momentum flux per unit volume       (  ρ ¯     u ′   w ′   ¯  )  2  +   (  ρ ¯     v ′   w ′   ¯  )  2     .



The diurnal variation in momentum flux per unit volume at 30 hPa is shown in Figure 4. At noontime (Figure 4a), the momentum fluxes are weakest. In late afternoon (Figure 4b), the momentum fluxes grow in both strength and areal coverage above the south slope of TP, with one peak between 85° and 100° E and another peak on the west at 80° E. The strongest momentum fluxes above the slope are enhanced between 85 and 100° E and the west peak decays at midnight (Figure 4c). In the early morning, the momentum fluxes dissipate remarkably (Figure 4d). Throughout a 1-day cycle, the most active momentum fluxes have a similar geographic distribution to that of rainfall (Figure 3). The coincident distribution implies that the strong momentum fluxes over the south slope are tightly associated with rainfall.



Figure 5a shows the area-averaged absolute horizontal momentum flux per unit volume varying with height at different times and over the two regions. Figure 5b shows the same quantity but in common logarithm scale (base 10) for better representation of the fluxes at higher altitude. In general, the area-averaged momentum flux per unit volume over the south slope of the TP (blue lines) is stronger than the corresponding one over the main TP (red lines). The amplitude of momentum fluxes decreases with height, and the strongest decrease appears between 150 hPa and 70 hPa (Figure 5b). This implies that the strongest wave-induced stress forcing occurs between 150 hPa and 70 hPa, which is roughly the height of the stagnant layer (70–100 hPa) in Figure 2b. This is also the region with the largest wave dissipation. Figure 5a,b also shows a quantitative diurnal variation in momentum fluxes. The strongest value in the troposphere occurs at 12 UTC, while the strongest value in the lower stratosphere appears at both 12 and 18 UTC.



If we ignore the density effects and only consider the wave amplitude, Figure 5c displays the area-averaged horizontal momentum fluxes per unit mass in the vertical profile. Above the south slope of TP (blue lines), the abrupt growth in momentum flux intensity from the middle troposphere (350 hPa) is likely tied to the gravity wave emitted from the top of cumulus cloud (Figure 3). Diurnal variation in momentum fluxes per unit mass also corresponds to rainfall.




4.2. Power Spectrum of Momentum Flux


The diurnal variation in the power spectrum of zonal momentum fluxes per unit volume at 30 hPa is shown in Figure 6. The distribution of zonal momentum flux (   ρ ¯     u ′   w ′   ¯   ) in the two-dimensional (kx, ky) wavenumber space is dominated by the eastward momentum fluxes between −45° and 45°. The power spectrum of the meso-scale wave is weakest at 06 UTC (Figure 6a). At 12 UTC (Figure 6b) the corresponding power spectrum of the meso-scale wave becomes stronger, especially for the wave with a wavelength shorter than 400 km. At 18 UTC (Figure 6c), the largest increase occurs for the wave with a wavelength of 100–400 km. At 00 UTC (Figure 6d), all the meso-scale gravity waves begin to decay. The time evolution of the power spectra implies that both the small-scale (10–200 km) convectively forced gravity waves and the other meso-scale (200–500 km) systems-forced gravity waves play an important role in diurnal variation.



The power spectra of meridional momentum fluxes per unit volume at 30 hPa are shown at different times in Figure 7. The distribution of meridional momentum flux (   ρ ¯     v ′   w ′   ¯   ) in the two-dimensional (kx, ky) wavenumber space exhibits different patterns between the kx×ky > 0 sector and the ky×ky < 0 sector. Northward momentum flux is dominated in space with kx×ky > 0. The main propagating direction is between 30° and 60°. Southward momentum flux is dominant in space with kx×ky < 0. The main propagating direction is between −30° and −60°.



The diurnal variation in the intensity of meridional momentum fluxes is similar to that of zonal momentum fluxes. The power spectrum of meso-scale wave is weakest at noontime (Figure 7a) and strongest at midnight (Figure 7c). The intensity increase in meso-scale momentum fluxes occurs from late afternoon (Figure 7b) to midnight (Figure 7c). The intensity of northward momentum fluxes grows faster than that of southward momentum fluxes, especially for the wave with horizontal wavelength over 100 km. The intensity reduction in the momentum fluxes begins in the early morning (Figure 7d).



Quantitative analyses of the power spectrum varying with horizontal wavelength at 30 hPa are shown in Figure 8. For zonal momentum fluxes (Figure 8a), the strongest power curves happen at 12 UTC and 18 UTC. The power spectrum of the meso-scale wave increases fast for the wave with a wavelength of 70–500 km. In detail, the gravity waves with shorter wavelengths (70–200 km) are more active in late afternoon (12 UTC). Such small-size waves could be excited by convection [55]. Waves with longer horizontal wavelengths (greater than 200 km and less than 500 km) are strongest at midnight (18 UTC). This implies that the energy contributed by meso-scale atmospheric processes becomes strongest at 18 UTC. The weakest power curve is at noontime (06 UTC).



For meridional momentum fluxes (Figure 8b), the offset of positives and negatives leads to a small positive net, which confirms that the northward momentum fluxes are stronger than the southward fluxes, as described in Figure 7. Small-scale meridional momentum fluxes are maximum in late afternoon (12 UTC), while meso-scale meridional momentum fluxes are maximum at midnight (18 UTC). The meridional momentum fluxes in early morning (00 UTC) is larger than the corresponding fluxes at noontime (06 UTC).





5. Gravity Wave Energy in Lower Stratosphere


Gravity wave kinetic energy    1 2  (    u  ′ 2    ¯  +    v  ′ 2    ¯  )   (KE), potential energy    1 2     g 2     N 2        (    T ′   T  )  2   ¯    (PE) and vertical fluctuation energy    1 2     w  ′ 2    ¯    (VE) were used as indicators of gravity waves in previous climatology studies [9,10]. In this section, the diurnal variations of the three gravity wave energies are briefly explored.



The first column of Figure 9 illustrates the diurnal cycle of KE at 30 hPa (Figure 9a1–a4). On spatial distribution, KE exhibits a latitudinal trend with a maximum around 27°–28° N. The spatial and temporal distribution of maximum KE matches the main rainfall peak along the south slope of TP between 85° E and 95° E (Figure 3). In a 1-day cycle, the strongest KE occurs at 18 UTC.



The time evolution of PE at 30 hPa is shown in the second column (Figure 9b1–b4). The weakest PE occurs at 06 UTC (Figure 9b1) and the strongest PE occurs at 18 UTC (Figure 9b3). PE exhibits the flake distribution. From 12 UTC to 00 UTC, the strong PE extends from the south part of the TP to the south side of the TP. The PE peak also matches the main rainfall peak between 85° E and 95° E (Figure 3).



The vertical fluctuation energy (VE) variation in a 1-day cycle is shown in the final column of Figure 9. The order of VE amplitude is much smaller than that of PE and KE. However, its coverage and diurnal variation are highly tied to the convection in details. Especially at 12 UTC (Figure 9c2), there are three VE peaks, located individually over the south slope, west to 80° E and between 85° and 100° E. This confirms that the convection-forced gravity wave can transport into the stratosphere. VE in the stratosphere is an effective indicator of convectively generated gravity waves above the south slope of the TP.




6. Conclusions and Discussion


The features of gravity waves in the lower stratosphere over the Tibetan Plateau in 2015 summer were examined by using high-resolution (10 km) downscaled simulations from WRF-EnKF regional reanalysis data. The focus is put on the diurnal variation in gravity wave momentum fluxes and wave energies.



Convection is proposed to be an important wave source over the TP in summer. Diurnal precipitation is active above the south slope of the TP with the strongest value persisting from late afternoon (12 UTC) to midnight (18 UTC). The spatial and temporal distributions of the momentum fluxes of gravity waves with 10–500 km horizontal wavelengths match the rainfall variation. This implies that convection and the associated meso-scale atmospheric processes largely contribute to the active gravity waves.



The power spectra of momentum fluxes show that small-scale gravity waves with wavelengths shorter than 200 km are active in the late afternoon (12 UTC), and meso-scale gravity waves with wavelengths of 200~500 km are active at midnight (18 UTC). The distribution of zonal momentum fluxes (   ρ ¯     u ′   w ′   ¯   ) in the two-dimensional (kx, ky) wavenumber space is dominated by the eastward momentum fluxes between −45° and 45°. Both northward and southward momentum fluxes are apparent in meridional momentum fluxes (   ρ ¯     v ′   w ′   ¯   ). However, northward momentum flux is relatively larger.



The kinetic, potential and vertical fluctuation energies of gravity waves with 10–500 km wavelengths are also examined in the lower stratosphere. All three energies exhibit an increase in rainfall area. However, the main structures of those three energies are different. KE displays a latitudinal tendency. PE exhibits a flake distribution from the south part of the TP to the south side of the TP. VE distribution and variation agree well with the diurnal rainfall. VE in the lower stratosphere acts like an effective indicator of convectively generated gravity waves.



It should be kept in mind that the above conclusions are based on simulations with relatively short spin-up times for gravity waves. In order to include more gravity waves with smaller vertical group velocities, simulations with longer lead times should be considered in the future. In addition, future work will attempt to perform gravity-wave ray-tracing experiments [56], as well as sensitivity experiments with respect to diabatic heating [28] and topography [57], in order to further verify the current results on wave source mechanisms and propagating wave characteristics. With all these inadequacies aside, the promising and encouraging findings of this study provide considerable motivation for our next steps on this research topic.
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Figure 1. (a) Terrain height (unit: km; shading). The thin black lines are the province border. The red line represents the topography height at 4.5 km. The blue line represents the topography height at 0.3 km. (b) Area-averaged and 3-month-averaged horizontal momentum fluxes per unit volume (unit: Pa) and (c) common logarithm (base 10) of area-averaged and 3-month-averaged horizontal momentum fluxes per unit volume (unit: Pa) over the main TP (solid lines) and the south slope of the TP (dotted lines) from 6-h forecast results (blue lines) and 12-h forecast results (red lines). Legends in (b,c) are abbreviations of the simulation information. For example, f06 (12) refers to the 6(12)-h forecast. TP refers to the main TP region and S refers to the south slope of the TP. 
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Figure 2. (a) Zonal wind speed at 200 hPa (shading: greater than 20 m/s; contour interval is 5 m/s) and geopotential height at 500 hPa (thick black lines). (b) Area and 3-month-averaged zonal wind (blue triangle line) varying with height. 
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Figure 3. 6-h accumulated rainfall (shading: shaded region shows rainfall greater than 3 mm/6 h; contour interval is 3 mm/6 h) averaged over the 3-month period at (a) 06 UTC, (b) 12 UTC, (c) 18 UTC, and (d) 00 UTC. Local time is UTC time plus 6 h. 
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Figure 4. Geographic distribution of absolute horizontal momentum flux per unit volume (unit: Pa; shading, contour interval is 0.00109 Pa) at 30 hPa for 12-h forecast results at (a) 06 UTC (12 LT), (b) 12 UTC (18 LT), (c) 18 UTC (00 LT), and (d) 00 UTC (06 LT). The horizontal wavelength is taken from 10 km to 500 km. The red line represents the topography height at 4.5 km. The blue line represents the topography height at 0.3 km. 
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Figure 5. Diurnal variation of (a) area-averaged momentum fluxes per unit volume (unit: Pa), (b) common logarithm (base 10) of area-averaged momentum fluxes per unit volume (unit: Pa) and (c) area-averaged momentum fluxes per unit mass (unit: J/kg) varying with height at 00 UTC (circle), 06 UTC (triangle), 12 UTC (star) and 18 UTC (square) above the main TP (red solid line) and south slope of TP (blue dotted lines). Legends are abbreviations of simulation information. For example, f06 (12) refers to 6(12)-h forecast. t00 (06,12,18) refers to UTC time. TP refers to the main TP region and S refers to the south slope of the TP. 
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Figure 6. Time-averaged zonal momentum flux power spectra at 30 hPa in horizontal (kx, ky) wavenumber space for 12-h forecast results at (a) 06 UTC, (b) 12 UTC, (c) 18 UTC and (d) 00 UTC. 
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Figure 7. Time-averaged meridional momentum flux power spectra at 30 hPa in horizontal (kx, ky) wavenumber space for 12-h forecast results at (a) 06 UTC, (b) 12 UTC, (c) 18 UTC and (d) 00 UTC. 
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Figure 8. Power spectrum of (a) zonal and (b) meridional momentum fluxes per unit volume varying with wavelength at 30 hPa and at different times in a 1-day cycle. 
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Figure 9. Time-averaged (a1–a4) KE (unit: J/kg, shading, c.i. = 10), (b1–b4) PE (unit: J/kg, shading, c.i. = 10), and (c1–c4) VE (unit: J/kg, shading, c.i. = 0.02; due to the large amplitude oscillation at different times, same red color uses for VE value greater than 0.2) at (a1–c1) 06 UTC, (a2–c2) 12 UTC, (a3–c3) 18 UTC, and (a4–c4) 00 UTC at 30 hPa. 
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