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Figure 1.  Parallel performance on five supercomputer platforms.  C is proportional to the wall time per compute cycle; S is the peak processor speed.  Left panel shows C•S , which isolates the inter-processor network performance. Asymptotic fits to the XT3, P4+ and Xeon data are shown (dotted lines). SHMEM or MPI communication libraries are used, depending on which is fastest.  Right panel shows C alone, which indicates the relative wall-clock time to complete an operation on three of the platforms. For certain NCPU (e.g., 900, 1200 and 1600), the P5+ and XT3 times are within ≈10% of each other.
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Figure 2. Vorticity in stratified wind shear for Ri=0.15 showing large range of length scales present.  The ratio of sizes for the largest and smallest eddies is roughly 150.  Given that 5 to 8 grid points are required to resolve the smallest eddies, it is clear that very large numerical meshes are required to simulate such flows with DNS.  Only two of the four large-scale billows simulated are shown so that small-scale features can be viewed.  Layer Reynolds numbers of Re ≥ 30,000 are required to achieve sufficient scale separation to be atmospherically relevant, while four billows are needed to obtain adequate statistics to populate the probability density functions needed for the BHM approach employed..
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Figure 3.  Temperature in stratified wind shear for Ri=0.05 and Re=2500 at seven distinct times during the flow evolution.  For each time, two panels are shown: 1) a side view of the four billows and 2) a top view of 40% of the mid-plane.  The times chosen correspond to when (a) billows reach maximum amplitude, t=37; (b) secondary instability triggers the transition to turbulence, t=54; (c) KE and PE dip to local minima before secondary peaks in KE and PE occur, t=68; (d) KE and PE exhibit secondary maxima, t=85; (e) turbulence intensity and vorticity magnitude attain maximum values, coincident with a local minimum in PE, t=111, (f) turbulence first becomes horizontally homogeneous, t=130; and (g) turbulence decay exhibits a change in character, t=251. Panels a-d appear on the preceding page.
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Figure 4.  Temperature in stratified wind shear for Ri=0.10 and Re=2500.  Seven times are presented, as in Figure 3, but because the evolution depends strongly on Ri, some of the times correspond to different stages in the flow evolution and morphology.  Times chosen correspond to when (a) billows reach maximum amplitude, t=44; (b) secondary instability appears in the billow edge region, t=54; (c) turbulence intensifies in billow edges and reaches braids, t=68;  (d) turbulence peaks in the billow cores, t=76; (e) vorticity magnitude attains maximum, coincident with a local minimum in PE, t=89, (f) turbulence first becomes horizontally homogeneous, t=97; and (g) turbulence decay exhibits a change in character, t=165. Panels a-d appear on the preceding page.  Note: this solution is only of a single billow which has been replicated to be consistent with Figures 3, 5, and 6.
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Figure 5.  Temperature in stratified wind shear for Ri=0.15 and Re=2900.  Seven times are presented.  Times chosen correspond to when (a) billows reach maximum laminar amplitude, t=44; (b) billows reach maximum amplitude, with instability developing in the billow edge region, also coincident with maximum PE, t=57; (c) turbulence invades billow cores, t=67; (d) turbulence reaches braids, t=77; (e) turbulence begins exponential decay phase, t=86;    (f) turbulence first becomes horizontally homogeneous, t=91; and (g) turbulence decay exhibits a change in character, t=116. Panels a-d appear on the preceding page.
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Figure 6.  Temperature in stratified wind shear for Ri=0.20 and Re=4000.  Seven times are presented.  Times chosen correspond to when (a) billows reach maximum laminar amplitude, t=37; (b) billows reach maximum amplitude, with turbulence erupting in the billow cores, t=54; (c) PE peaks, t=66; (d) turbulence reaches braids, t=82; (e) turbulence begins exponential decay, t=90; (f) turbulence first becomes horizontally homogeneous, t=105; and (g) turbulence late in the exponential decay phase, t=130. Panels a-d appear on the preceding page.
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Figure 7.  Vorticity magnitude in stratified wind shear for Ri=0.05 and Re=2500.  Panels a-d appear on the preceding page.  See Figure 3’s caption for times associated with each panel.
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Figure 8.  Vorticity magnitude in stratified wind shear for Ri=0.10 and Re=2500.  Panels a-d appear on the preceding page.  See Figure 4’s caption for times associated with each panel. Note: this solution is only of a single billow that has been replicated to be consistent with Figures 7, 9, and 10.
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Figure 9.  Vorticity magnitude in stratified wind shear for Ri=0.15 and Re=2900.  Panels a-d appear on the preceding page.  See Figure 5’s caption for times associated with each panel.
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Figure 10.  Vorticity magnitude in stratified wind shear for Ri=0.20 and Re=4000.   Panels a-d appear on the preceding page.  See Figure 6’s caption for times associated with each panel.
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Figure 11  Time evolution of fluctuation kinetic energy KE (solid line) and an estimate for the potential energy PE (dashed line) (top panels) and the maximum of each vorticity component (bottom panels) for (a) Ri=0.05, (b) Ri=0.10, (c) Ri=0.15, and (d) Ri=0.20.  Vertical dotted lines correspond to the times shown in Figures 3-10.
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Figure 12.  Ri=0.05 – Horizontally averaged profiles for the mean temperature (upper left) and mean streamwise velocity (lower left) and for the normalized temperature variance (upper middle) and normalized velocity variance (lower middle).  The variance normalization factors used in the middle panels are shown in the rightmost panel.  The solid (dashed) curve depicts the velocity variance (q2(=(u2+v2+w2( (temperature variance (T2(.
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Figure 13.  Ri=0.20 – Horizontally averaged profiles for the mean temperature (upper left) and mean streamwise velocity (lower left) and for the normalized temperature variance (upper middle) and normalized velocity variance (lower middle).  The variance normalization factors used in the middle panels are shown in the rightmost panel.  The solid (dashed) curve depicts the velocity variance (q2(=(u2+v2+w2( (temperature variance (T2(.
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Figure 14  Ri(z) profiles for wind-shear simulations with Ri=0.20 (left) and Ri=0.05 (right).  Initial (dotted) and final (solid) profiles are shown.  The time of the final profile is selected at late time during final restratification. 
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Figure 15  Mid-layer Richardson number Ri(0) (left panel) and N/S (right panel) versus Nt for Ri=0.05 (dashed) and Ri=0.20 (solid).  Ri(0) results from averaging Ri(z) from z=-0.5 to z=0.5.  See text for definition of S.
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Figure 16  Final layer depth L versus initial layer Richardson number Ri for four wind-shear simulations.  Data points show the simulation results, while the solid curve is a fit of the form L=1.5 Ri-1/2 – 0.05. 
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Figure 17  3D evolution of vortex tubes ((2 visualization) for an amplitude A=1.1 gravity wave viewed from the side and from above.  Red and yellow regions denote the most intense rotation.  Wave propagation is to the left in all panels. 
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Figure 18  3D evolution of vortex tubes ((2 visualization) for an amplitude A=0.9 gravity wave viewed from the side and from above.  Red and yellow regions denote the most intense rotation.  Wave propagation is to the left in all panels. 
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Figure 19  3D volume rendering of the thermal (blue) and viscous (orange) dissipation for a wind-shear simulation with Ri=0.05.  The top row shows the view from above at three distinct times.  The bottom row shows the view from the side. 
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Figure 20  DNS/LES comparisons of wind-shear simulations with Ri=0.05 and Re=2500.  Left panels show KE for LES (blue) and DNS (red).  Right panels show eddy viscosity (red) and eddy diffusivity (blue) for the LES (solid line) and DNS (data symbols) solutions.  Eddy quantities are evaluated from the DNS by first filtering to the LES resolution, and then computing the SGS quantities directly from the sub-filter fields.  The top row shows results for an LES with a TKE SGS model, while the middle and bottom panels show results for a dynamic-Smagorinsky model.  The top and middle rows show results for DNS and LES on small domains of size ((, (/3, 2() using up to (800, 270, 1600) spectral modes for the DNS and (120, 40, 240) grid points for the LES, while the bottom row shows results on a large domain of size (4(, 2(, 2() with up to (3000, 1500, 1500) modes for the DNS and (480, 240, 240) modes with the LES.
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Figure 20  DNS/LES comparisons of wind-shear simulations with Ri=0.05 and Re=2500.  Left panels show KE for LES (blue) and DNS (red).  Right panels show eddy viscosity (red) and eddy diffusivity (blue) for the LES (solid line) and DNS (data symbols) solutions.  Eddy quantities are evaluated from the DNS by first filtering to the LES resolution, and then computing the SGS quantities directly from the sub-filter fields.  The top row shows results for an LES with a TKE SGS model, while the middle and bottom panels show results for a dynamic-Smagorinsky model.  The top and middle rows show results for DNS and LES on small domains of size ((, (/3, 2() using up to (800, 270, 1600) spectral modes for the DNS and (120, 40, 240) grid points for the LES, while the bottom row shows results on a large domain of size (4(, 2(, 2() with up to (3000, 1500, 1500) modes for the DNS and (480, 240, 240) modes with the LES.
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Figure 21 Structure-function-fit parameters versus height for LES (blue) and DNS (red) solutions.  Structure functions are computed separately for streamwise (x) and spanwise (y) spatial separations.  The two solutions are statistically indistinguishable, demonstrating that the LES is able to reproduce the DNS results while using 1300 times less computer time.  See Werne & Fritts 2000 for details on the computation of the 2nd-order structure-function-fit parameters.
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Figure 22 Probability density functions for atmospheric shear layers derived from 440 rawinsonde flights over Kansas and Utah.  Top row fro left to right: L, layer depth; (U, velocity jump across layer; (T, temperature drop across layer.  Bottom row from left to right: Z, layer height; Re=(U L/(, layer Reynolds number; RiL=g( (T/((U)2, layer bulk Richardson number.  All panels contain three curves.  The dashed (dotted) curve is for raw data located above (below) the tropopause.  The solid curve results from all the data. 
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Figure 22 Probability density functions for atmospheric shear layers derived from 440 rawinsonde flights over Kansas and Utah.  Top row fro left to right: L, layer depth; (U, velocity jump across layer; (T, temperature drop across layer.  Bottom row from left to right: Z, layer height; Re=(U L/(, layer Reynolds number; RiL=g( (T/((U)2, layer bulk Richardson number.  All panels contain three curves.  The dashed (dotted) curve is for raw data located above (below) the tropopause.  The solid curve results from all the data. 
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Figure 23  Same as Figure 22, but all PDFs are with respect to the reduced variables    X’=(X-(X()/XRMS, where X represents one of the variables plotted in Figure 22, and (X( and XRMS are the average and RMS values of X respectively.  If the PDF versus the reduced variable X’ is identical in the troposphere and stratosphere, then it possesses a universal form and can be easily represented by (X( and XRMS. 
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Figure 24  Cliff-ramp structures in aircraft measurements (left) and DNS wind-shear solutions (right).  The left panel shows four time traces (from top to bottom) for aircraft-measured potential temperature (, streamwise velocity U, spanwise velocity V, and vertical velocity W along a streamwise flight track over Wales at and altitude of 11.4 km.  The data were collected using Airborne Research Australia.’s Grob G520T Egrett outfitted with three NOAA BAT probes positioned under each wing and high on the tail (see Wroblewski et al, 2003).  Similar structures are observed along paths through the DNS at Ri=0.15 and Ri=0.20.  The right panels show such structures at t=77 h/U0.  See text for more discussion of the data and comparisons between the DNS and aircraft data.  
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Figure 25  Left panel: VTMX Wheeler Farm rawinsonde data, 17 Oct 2000, 0:48 UTC.  Left-most sub-panel shows raw potential temperature ((z).  Ri((z) is plotted on right for three different data filters: (=33m, 101m, and 300m. Ri((z) is computed after applying filter to ((z) and winds. Regions with Ri<0.25 are shaded gray, with the shading level determined by the value of the largest filter scale for which Ri < 0.25 is satisfied. Upper-right panel: Probability Density Functions (PDFs) of Ri((z) data from the left panel.  Solid symbols: 11m-smoothed data.  Open circles: 33m smoothing. Triangles: 101m smoothing. Squares: 300m smoothing.  Lower-right panel: Ensemble PDFs for all Wheeler Farm data collected at VTMX.  Note the reduced error bars and better-defined functional dependence on ( for the ensemble data.
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Figure 26  Mean and RMS of the ensemble PDF's shown in Figure 25.
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