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Abstract

:

Spectral characteristics of lower-stratospheric gravity waves generated in idealized mei-yu front and tropical cyclone (TC) are compared by performing high-resolution simulations. The results suggest that the systems which organize convection in different forms can generate waves with distinctly different presentation. The mei-yu front appears as a linear zonal wave source and gravity waves are dominated by cross-frontal (meridional) propagating components. The northward (southward) components have dominant meridional wavelengths of 125–333 km (>250 km), periods of 100–200 min (83–143 min), and phase speeds of 0–15 m s−1 (15–20 m s−1). The TC appears as a point wave source and gravity waves propagate equally in various horizontal directions. The waves exhibit greater power and broader spectral distributions compared with those in the mei-yu front, with dominant horizontal wavelengths longer than 62.5 km, periods of 33–600 min, and phase speeds slower than ~40 m s−1.
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1. Introduction


Gravity-wave activity is a ubiquitous buoyancy oscillation phenomenon in the atmosphere. It has been a fundamental topic within meteorological research due to its profound effect on atmospheric processes at various spatiotemporal scales [1,2,3]. For example, it can generate and modulate turbulence [4], initiate and organize convection [5], and transfer energy and momentum between different heights [6].



Common sources that initiate gravity waves in the atmosphere include, but are not limited to, topography, convection, wind shear, jet-front systems, and wave-wave interactions [7,8]. Of these, moist convection is considered one of the most important sources of non-stationary gravity waves [9,10]. However, convection-induced waves are still not well understood. For example, the generation mechanism of convective gravity waves remains controversial [11,12,13]. In addition, the spectra of convective gravity waves distribute in a complicated way over a broad range, which are still under-explored [14,15].



As vigorous and well-organized convective systems, both the mei-yu front and tropical cyclone (TC) have important influence on the East Asian monsoon region. Clear signals of gravity waves generated by TCs have been identified by numerous observations [16,17,18,19] and simulated successfully using mesoscale models [20,21,22,23,24]. These studies showed that the TC-generated waves have wide spatiotemporal scales, with horizontal wavelengths of 10–2000 km and periods of 10 min–2.5 days. In contrast, there has been little research into gravity waves generated by the mei-yu front [25,26,27]. Appearing as a warm-season quasi-stationary frontal zone extending from Eastern China to Japan, the mei-yu front contains lots of convective cells, which successively form along the front and gradually organize into quasi-two-dimensional (2D) precipitation bandings, and thus tends to cause persistent precipitation [28,29,30]. It differs from the common midlatitude front by a weak temperature gradient but a strong moisture gradient, and the frontal zone is characterized by intense equivalent potential temperature gradient [31,32]. Sun [25] analyzed the mesoscale-β-scale gravity-wave activity during a mei-yu front heavy rain process using surface observation data. She identified the waves with wavelength of 200 km, amplitude of 2 hPa, and periods of 6–8 h. Hu [27] discussed the generation, propagation, and dispersion of gravity waves in the mei-yu front based on a linear model with a simple parameterized cumulus heating expression. Based on an idealized model constructed by Peng et al. [33], Wang et al. [34] recently performed high-resolution simulations to investigate the generation mechanism of gravity waves in the mei-yu front system. A mechanical oscillator mechanism was suggested as playing a dominant role in the generation of lower-stratospheric waves.



Due to relatively coarse spatiotemporal resolution, most general circulation models (GCMs) have still been unable to resolve short-scale and high-frequency gravity waves precisely. Consequently, representing the effects of gravity waves in GCMs requires parameterization [35]. However, because of the complexity of convection-induced gravity waves, the relevant parameterization remains under development [36,37,38,39,40]. It has been a consensus that a comprehensive knowledge of convective waves is the premise of making a breakthrough in parameterization. Under this background, understanding convective gravity waves and their convective sources is not only a theoretical interest in wave dynamics but also essential to the improvement of gravity-wave parameterization in GCMs. This is because previous studies showed that the lack of an accurate understanding of convective sources limits the potential calibration of gravity-wave parameterizations with the growing number of observations, and might be a cause of systematic errors [41].



Although they are both significant sources of gravity waves, the mei-yu front and TC display considerably different structures; the former is a quasi-2D linear system, whereas the latter is a vortex-like system. This significant difference of wave-source structure provides us a good opportunity to explore the relation between wave sources and the generated waves by comparison study. What are the spectral features of gravity waves in these two systems? Do prominent spectral differences exist between them? In this paper, the spectra of gravity waves generated by the mei-yu front and TC are investigated and compared using idealized numerical simulations.




2. Experimental Design


The numerical model used in this study is the Advanced Research version of the Weather Research and Forecasting (ARW-WRF) model [42].



In the simulation of the mei-yu front, the domain size is 1000 km × 2000 km and the boundary condition is periodic in the x direction and open in the y direction. An initial front is first constructed in the y–z plane and then expanded to three-dimensional space by assuming zonal homogeneity; thus the front is oriented in the x direction. Environmental moisture and temperature are based on a real sounding during a typical mei-yu period. Further details of the model design can be found in Peng et al. [33]. The Morrison scheme is used for microphysics parameterization [43], and no planetary boundary layer scheme is used.



The TC is simulated in a 2000 km × 2000 km domain with double periodic boundary conditions. An initial axisymmetric vortex in hydrostatic and gradient-wind balance, with maximum tangential surface wind speed of 15 m s−1 at a radius of 135 km, is centered in the model domain. The Jordan [44] mean hurricane season sounding is used for the environmental moisture and temperature profile, and no environmental mean flow exists. The sea surface temperature is fixed at 29 °C. The simulation uses the Yonsei University (YSU) boundary layer scheme [45] with the surface layer scheme of Dudhia et al. [46], and WRF single-moment six-class (WSM6) microphysics [47].



Both simulations are performed on the f plane with 5-km horizontal grid spacing, and the Coriolis parameter f is set to 1.0 × 10–4 and 5.0 × 10–5 s−1 for the mei-yu front and TC simulations, respectively. Note that according to the results of sensitivity experiments (not shown), the difference of microphysics parameterization and Coriolis parameter between these two simulations does not affect the results and conclusions in this study. The model has 61 vertical levels, with the top at 30 km and Rayleigh damping applied to the vertical velocity in the upper 5 km of the model domain to prevent artificial reflection of gravity waves from the model top [48]. Nested domains are not adopted to avoid the possibility of spurious reflection and distortion of waves from the lateral boundaries [49]. For simplicity, both topography and radiation are ignored.




3. Results


3.1. Overview of the Simulations


Mass-weighted average vertical kinetic energy, defined as VKE=∭12ρw2dxdydz/∭ρdxdydz, is calculated to describe the evolution of the simulated mei-yu front system (Figure 1a), where ρ and w are density and vertical wind, respectively. The integration of the front is performed for z = 0–15 km over the entire horizontal domain. As seen in previous studies of the idealized mei-yu front [33], no convection occurs during the initial adjustment of the front. During the intensification phase (t = 15–25 h), the moist convection bursts at 15 h and reaches its peak at 16 h, with a maximum vertical kinetic energy of 0.044 m2 s–2. The convection then gradually weakens and maintains a steady intensity in the mature phase (t = 26–36 h), during which the typical mei-yu frontal structure is established (not shown). The 1-h accumulated precipitation at 26 h exhibits a classical meso-α-scale rainband of the mei-yu front, with several embedded rain clusters (Figure 1b).



The time series of 10-m maximum wind speed of the simulated TC is shown in Figure 1c. The wind speed increases notably from ~24 h, implying the intensification of the TC. The maximum intensity occurs at 92 h, with a 10-m maximum wind speed of ~70 m s−1 as the TC reaches maturity.



Figure 2 shows the horizontal and vertical cross sections of vertical velocity and potential temperature at selected times for the simulated mei-yu front and TC. For the mei-yu front at 26 h, the strongest convection is located along y = ~1100 km (Figure 1b). Prominent gravity-wave signals appear in the lower stratosphere at 17 km, well above the convection (Figure 2a). For the TC at 104 h, the lower-stratospheric waves exhibit a circular concentric distribution, radiating outwards from the storm center (Figure 2b). In the vertical cross sections, the waves generated in both systems show the typical pattern of convective gravity waves. Upright convection in the troposphere induces waves propagating upward into the lower stratosphere, and propagating outward both upstream and downstream (Figure 2c,d).




3.2. Spectral Analysis of the Lower-Stratospheric Gravity Waves


In this section, the spectral characteristics of the lower-stratospheric gravity waves during the mature phase of the mei-yu front and TC are investigated in detail using data with a time interval of 5 min. The TC has a longer life cycle than the mei-yu front. However, to facilitate the comparison of gravity waves in these two systems, we define the mature phase of the simulated TC, which is comparable in length of time with that of the mei-yu front, as t = 104–114 h according to the minimum 10-h standard deviation of the 10-m maximum wind speed. For exactly the same reason, a 1000 km × 1000 km horizontal domain is used to perform wave analysis for both systems. According to the position of the rainband, the wave analysis domain for the mei-yu front is determined as 0 < x < 1000 km, 560 < y < 1560 km (Figure 2a), such that the quasi-zonal strong updraft approximately coincides with the zonal central axis of the analysis domain. Due to the absence of environmental flow, the TC moves little, with its center almost always located at (x, y) = (1000, 1000) km. The wave analysis domain for the TC is therefore 500 < x < 1500 km, 500 < y < 1500 km (Figure 2b). For convenience, we hereafter denote the wave analysis domain as –500 < x < 500 km, –500 < y < 500 km.



Gravity wave perturbations are calculated as in Kim et al. [20]. The components that satisfy the vertical propagation condition of inertia-gravity waves (f<ω^<N) are extracted, where ω^ is the intrinsic frequency and N is the Brunt-Väisälä frequency.



Figure 3 shows the power spectral densities (PSDs) of wGW at 17 km with respect to horizontal wavenumber, where wGW denotes the wave perturbations of w. The PSDs are obtained by performing the one-dimensional fast Fourier transform in the zonal or meridional directions over the wave analysis domains, then averaged over time through the mature phase. For the mei-yu front, the PSDs with respect to zonal wavenumber k exhibit clear meridional dependence (Figure 3a). Along the quasi-zonal strong frontal updraft (i.e., y = 0 km), the dominant zonal wavenumbers are 0.004–0.012 km−1 (i.e., wavelengths are 83–250 km). Away from the updraft, the PSDs generally weaken, especially for larger wavenumbers (smaller wavelengths). In contrast, the distribution of PSDs with respect to meridional wavenumber l is nearly uniform along the x direction (Figure 3c). The dominant meridional wavenumbers of the waves are always smaller than 0.01 km−1 (i.e., wavelengths are larger than 100 km) at different zonal positions. The waves in the TC exhibit much greater power than those in the mei-yu front (Figure 3b,d). The distribution of PSDs with respect to zonal wavenumber is almost symmetrical, about y = 0 km, and the distribution with respect to meridional wavenumber is almost symmetrical about x = 0 km. Away from the TC center, the wave energy at various scales weakens.



By performing the 2D fast Fourier transform at the horizontal surface, we can get the 2D wGW spectra at 17 km with respect to the zonal and meridional wavenumber (Figure 4a,b). The distribution of PSDs in the mei-yu front shows directional selectivity, with notably deficient power found along 0°. By contrast, the distribution of relatively strong power tends to be closer to directions around 90° and 270° (Figure 4a). This suggests that the cross-frontal meridional-propagating waves dominate gravity waves generated in the front. The waves in the TC have richer information in the wavenumber space, and the PSDs exhibit a standard concentric-circle distribution around (k, l) = (0, 0) km−1 (Figure 4b). This means that the strong convection in the TC can initiate gravity waves at various horizontal scales, which propagate equally in various horizontal directions.



As highly organized convective systems, the mei-yu front and TC both consist of numerous convection clusters that continuously radiate gravity waves. They are, therefore, strong gravity wave radiators. However, the convection clusters are distinctly organized; the mei-yu front is a quasi-2D linear system, whereas the TC is a vortex-like system. Consequently, presented in Figure 3 and Figure 4a,b, the difference in system structure gives different characteristics to the sources of gravity waves. The mei-yu front appears as a line (or narrow-band) source, the waves are radiated from the line, such that the propagation of gravity waves show obvious anisotropic, and the dominant waves propagate outwards perpendicular to the line. The front in this study is aligned in the zonal direction, thus the meridional-propagating waves dominate, showing a certain zonal homogeneity. The TC, in contrast, appears as a point (or circle) source, and the waves are radiated outwards from the point in all azimuthal directions, such that their propagation is more isotropic.



The PSDs of wGW with respect to meridional wavenumber and frequency ω are shown in Figure 4c,d. The spectra are calculated over y–t surfaces, and then averaged along the zonal direction. Note that the positive frequency implies northward propagation and negative frequency implies southward propagation. For the waves in the mei-yu front (Figure 4c), the northward-propagating components show greater power than the southward-propagating components. The former have dominant meridional wavenumbers of 0.003–0.008 km−1 (i.e., wavelengths of 125–333 km) and frequencies of 0.005–0.01 min−1 (i.e., periods of 100–200 min), whereas the latter have dominant meridional wavenumbers smaller than 0.004 km−1 (i.e., wavelengths larger than 250 km) and frequencies of 0.007–0.012 min−1 (i.e., periods of 83–143 min). The difference between waves propagating northwards and southwards is derived mainly from the background northerly wind in the lower stratosphere, which filters and modifies the wave spectra to some extent [34].



For the waves in the TC (Figure 4d), the PSDs are always symmetrical, about ω=0, indicating that the wave components propagating in various directions share similar property. Differing from those in the mei-yu front, the PSDs in the TC do not show local spectral peaks at certain wavenumbers and frequencies, but have continual large values for wavenumbers smaller than 0.016 km−1 (i.e., wavelengths larger than 62.5 km) and frequencies of 0.0017–0.03 min−1 (i.e., periods of 33–600 min).



The meridional phase speed (Cpy) spectra of wGW can be further obtained from the corresponding wavenumber–frequency spectra (Figure 5a,b). As expected, the spectra of waves in the mei-yu front exhibit strong zonal homogeneity (Figure 5a). Under the effect of the background northerly wind, the power of the northward-propagating waves is generally stronger than that of the southward-propagating waves. The dominant phase speeds are 5 < Cpy< 25 m s−1 for the former and –30 < Cpy< –15 m s−1 for the latter. The phase speed of the waves is more broadly distributed in the TC than in the mei-yu front, with the dominant phase speeds being 10–55 m s−1 (Figure 5b).



To examine the wave components propagating in all directions, we provide the distribution of wGW spectra at various magnitudes and propagation directions of the horizontal phase speed in Figure 5c,d, which are calculated using the similar procedures as Wei et al. [15] (Equations (A16)–(A18)). In the mei-yu front, the PSDs exist mainly in the region with phase speeds slower than ~30 m s−1 (Figure 5c). On this basis, the waves show greater power in the two northward quadrants than in the two southward quadrants. For the northward-propagating components, the waves at angles of ~45–135°, with phase speeds slower than ~15 m s−1 dominate. For the southward-propagating components, the waves around an angle of 315° with phase speeds of 15–20 m s−1 dominate. Moreover, note that a notable deficiency of power exists between ~225 and ~315° in the two southward quadrants, with phase speeds slower than ~15 m s−1. In the TC, the waves show a quasi-isotropic distribution, with considerable power in almost all horizontal directions for phase speeds slower than ~40 m s−1 (Figure 5d). This means that convection in the TC excites strong gravity-wave signals at a broad range of phase speeds in various directions. A slight deficiency of power for phase speeds slower than ~15 m s−1 implies that the slowly propagating waves are relatively weak.





4. Conclusions


Based on cloud-permitting simulations using the WRF model, this study compares the spectral characteristics of lower-stratospheric gravity waves in an idealized mei-yu front and TC. These two systems organize convection in different forms, which results in distinctly different presentation of the generated waves. The mei-yu front approximates to a line wave source and the generated waves propagate mainly across the front. The spectral properties of cross-frontal propagating waves remain quasi-consistent along the front. The TC resembles a point wave source, which radiates waves outwards from the storm center equally in all azimuthal directions; therefore, the wave spectra always show isotropic. The distinct difference of gravity waves in these two systems implies that the structure feature of the specific convective system should be considered in attempt to parameterize convective gravity waves in GCMs.



Filtering and modification by background northerly wind in the lower stratosphere cause the northward and southward components of gravity waves in the mei-yu front to be asymmetrical. The northward components are generally stronger than the southward components, and they show differences in spectral properties. The former (latter) have dominant meridional wavelengths of 125–333 km (> 250 km) and periods of 100–200 min (83–143 min). The northward-propagating waves are most notable at azimuths of ~45–135°, with dominant phase speeds slower than ~15 m s−1; while the southward-propagating waves are remarkable around the azimuth of 315°, with dominant phase speeds of 15–20 m s−1.



Benefitting from the motionless background atmosphere from the troposphere to the lower stratosphere, the isotropic spectral properties of waves in the TC are well preserved. Compared with waves in the mei-yu front, those in the TC exhibit greater power and broader distributions in the spectral space. They are continually prominent at horizontal wavelengths longer than 62.5 km, periods of 33–600 min, and phase speeds slower than ~40 m s−1.



The mei-yu front and TC are both typical convective systems, but the waves which they generated exhibit considerably different spectral characteristics. The diversity of system structure combined with changeable environmental conditions make convective gravity waves in real atmosphere an intricate phenomenon. Note that we have only reserved the background wind essential for the evolution of front in our mei-yu front simulation, and even ignored it entirely in the TC simulation for simplicity. However, background flows in real atmosphere are not negligible, which will exert a significant influence on gravity waves [14,20]. Varying degrees of convective instability also have the potential of modifying convective gravity waves [15]. Furthermore, recent studies showed that radiative forcing, which is ignored in our TC simulation, can impact storm structure [50]. It is, therefore, reasonable to speculate that radiative forcing can also influence TC-generated waves by modifying system structure. Future work will systematically explore such issues.
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Figure 1. Simulated (a) times series of mass-weighted average vertical kinetic energy and (b) 1-h accumulated precipitation at t = 26 h (shaded; mm) for the mei-yu front. (c) Simulated time series of maximum 10-m wind speed for the tropical cyclone (TC). 
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Figure 2. Simulated (a,b) horizontal cross sections of vertical velocity (shaded; m s−1) at z = 17 km, (c,d) vertical cross sections of vertical velocity (shaded; m s−1) and potential temperature (contours every 20 K) along (c) x = 500 km and (d) x = 1000 km. The left panels are for the mei-yu front at t = 26 h and the right panels are for the TC at t = 104 h. Boxes in the top panels indicate the wave analysis domains. 
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Figure 3. Base-10 logarithm of PSDs of wGW (shaded; m2 s–2) as a function of (a,b) zonal wavenumber and y direction, and (c,d) meridional wavenumber and x direction at z = 17 km, for (a,c) the mei-yu front and (b,d) the TC. 
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Figure 4. Base-10 logarithm of PSDs of wGW (shaded; m2 s–2) as a function of (a,b) zonal and meridional wavenumber, and (c,d) meridional wavenumber and frequency at z = 17 km, for (a,c) the mei-yu front and (b,d) the TC. 
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Figure 5. Base-10 logarithm of PSDs of wGW (shaded; m2 s–2) as a function of (a,b) x direction and meridional phase speed, and (c,d) zonal and meridional component of horizontal phase speed at z = 17 km for (a,c) the mei-yu front and (b,d) the TC. The black rings in the bottom panels show the magnitude of horizontal phase speed at each 10 m s−1. 
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