Deliverables 02.7.2.14.3.2E1 and 02.7.2.14.3.3E1

1. Introduction

SCATCAT (Severe Clear Air Turbulence Colliding with Aircraft Traffic) 2001 was an experiment to examine turbulence associated with jet streams, upper fronts, and pre-frontal convection above 20,000 ft. NOAA’s Gulfstream-IV aircraft was the principal observing platform, with high resolution (approximately 50 km interval) dropsonde releases and in-situ data. This report focuses on the case that was observed surrounding 0Z 18 February 2001, and high resolution modeling of this particular case.

As previously reported (Deliverable 02.7.2.14.2E1), on this day the G-IV departed Honolulu at about 21Z 17 February, and returned at about 4Z 18 February. During the mission, 18 dropsondes were released in a south-west to north-east flight track beginning on the southern side of the jet, above the jet core, and finishing on the northern side of the jet. After this flight track, the G-IV encountered moderate or greater turbulence, above the jet core, at all flight levels (2000 ft increments) between 33,000 and 37,000 ft.

The dropsonde-derived cross-sections of horizontal wind speed and potential temperature are shown in Figures 1 and 2. These figures show a strong jet stream with a peak observed wind speed exceeding 100 m/s. Associated with the jet stream is a strong frontal structure between approximately 800 mb (2 km) and 500 mb (6 km), which is evident in both the potential temperature and wind speed. Above the jet core are strong signatures of vertically propagating gravity waves above about 300 mb (9 km). It is in this region of wave activity that turbulence was encountered by the G-IV.

The extent and resolution of the dropsonde data, the in-situ data, and the interesting dynamics make this event an ideal case to study in more detail with high-resolution modeling. The aim of the modeling is to construct a detailed data set that can be used to examine the physical processes generating the turbulence, as well as testing diagnostic algorithms. This modeling is a combination of a larger-scale forecast from COAMPS (Coupled Ocean Atmosphere Mesoscale Prediction System), with a higher-resolution model (the Clark model) nested within it. In the remainder of this report, the COAMPS dataset will be described, followed by the Clark model results, and finally conclusions and future work will be discussed.

2. Large-scale model data from COAMPS.

James Doyle, NRL Monterey, supplied two detailed COAMPS datasets. Each dataset contained all model variables at every three-dimensional model grid point on the highest resolution grid. These two datasets are denoted as Run 1 and Run 2. The model configurations for each dataset are as follows:

Run 1: 15 Hour forecast starting at 12Z 17 February 2001, until 3Z 18 February 2001. This model calculation featured 3 domains with 54, 18, and 6 km horizontal grid spacing and 400 m vertical grid spacing. The model lid was at 30 km AMSL. This calculation included the 12Z NOGAPS global analyses.

Run 2: 30 Hour forecast starting at 0Z 17 February 2001, until 6Z 18 February 2001. This model calculation was configured with two domains with 54 and 18 km horizontal grid spacing and 400m vertical grid spacing. The model lid was also at 30 km AMSL. This calculation incorporated two NOGAPS global analyses.

Both Run 1 and Run 2 had deficiencies in the modeled large-scale flow. For example, the peak wind speed of the jet in Run 1 and Run 2 was approximately 75 m/s and 90 m/s respectively, whereas the peak wind speed in the jet was observed (by the dropsondes) to be approximately 100 m/s. Run 1 also failed to produce a well defined frontal structure, with the horizontal gradients in potential temperature in the vicinity of the front being too weak. Run 2 however, produced a reasonably well-defined frontal structure, in approximately the correct location. 

The deficiencies in Run 1 and Run 2 are probably due to the very limited data over the Pacific. The paucity of such data places major limitations on the accuracy of model analyses and subsequent forecasts over the Pacific, and similar data sparse regions.  With this in mind, Run 2 was considered the best possible large-scale model dataset to proceed with the high-resolution small-scale modeling. The configuration of the COAMPS model run is shown in Figure 3. This figure shows that the two COAMPS domains are centered over the jet maximum. Also shown in Figure 3 is the location of the Clark model outermost domain, and the aircraft flight track.

Results from COAMPS Run 2 are shown in Figures 4 and 5. Figure 4 shows the location of the jet in COAMPS’ 18 km domain at 6Z. Figure 5 shows that Run 2 possesses a well defined frontal structure in both wind speed and potential temperature that compares qualitatively well with the observations. Figure 5 also shows obvious gravity waves above the jet core, i.e., in the same (relative) location as observed. However, the most important deficiency in Run 2 is its poor representation of the speed of the jet, and hence the vertical wind shear above and below the jet core. This deficiency may reduce the occurrence of wave breaking or shear instabilities produced by COAMPS and subsequent high-resolution nests within it.

Finally, the position and timing of the jet are slightly different than that observed (a few degrees to the north and 3 to 6 hours later. This is probably a result of the limited observations in this area. However, the relative positions of the jet structures, the front, and the gravity waves are in good qualitative agreement, making further analysis of this case valid. The next section describes higher resolution model calculations, made by nesting the Clark model within COAMPS (Run 2).

3. Small-scale model results from the Clark model.

The Clark model is a small-scale nonhydrostatic anelastic model that was originally developed by Terry Clark in 1977. The design and features of this model make it appropriate for use in turbulence studies. In particular, the model can be initialized and forced by a larger-scale forecast model such as COAMPS. One other feature of the model important for this study is its nesting capability. This feature allows high-resolution grids to be placed within lower-resolution grids. Such nesting allows small-scale features such as turbulence to be well resolved by the model, while still allowing the larger-scale flow that causes these instabilities and turbulence to be evolved by the model.

A number of high-resolution nested calculations were completed to examine the sensitivity of the modeled flow to changes in grid configuration. These model calculations showed that there is some sensitivity in the solution to grid configuration, due to better modeling of the gradients associated with frontal structures. One of these calculations was continued and examined in detail to model the turbulence structures produced by the model and observed by the aircraft and dropsonde data. This calculation is described below.

The high-resolution calculation was started at 18Z 17 February 2001, and continued for 12 model hours until 6Z 18 February 2001. The Clark model outermost domain has 6 km horizontal grid spacing and 400 m vertical grid spacing. The domain is approximately 1300 x 1300 km on its lateral boundaries. It extends vertically to 34 km, with the uppermost 10 km featuring a sponge absorber to reduce the reflection of vertical propagating waves off the top boundary. This domain takes its initial conditions from the COAMPS model run, and the boundaries of Domain 1 are forced by the COAMPS data at one hourly intervals. A higher resolution domain, Domain 2, is nested within this outermost domain. Domain 2 has 3 km horizontal grid spacing, 200 m vertical grid spacing, is approximately 650 km on each lateral boundary, and extends vertically to approximately 21 km. This domain is initialized from Domain 1 at 0Z, and is run until 6Z (18 February 2001). Finally, another domain, Domain 3 is nested within Domain 2. Domain 3 has 1.5 km horizontal grid spacing, 200m vertical grid spacing, is approximately 330 km on each lateral boundary, and extends vertically to approximately 15 km. Domain 3 is initialized from Domain 2 at 4Z and run for 2 hours until 6Z (18 February 2001). The configuration of these three domains is shown in Figure 6. This figure also shows the location of the jet stream at 6Z (shown as the 60 and 70 m/s wind speed contours at 9 km), and a line in a similar location to the flight path, along which cross-sections are constructed.

Cross-sections (along the line shown in Figure 6) of wind speed and potential temperature are shown in Figures 7 and 8 respectively. There is good qualitative agreement between the modeled flow in the Clark model and that observed. The frontal structure is well represented in the potential temperature field (Figure 8), with strong horizontal gradients. These gradients are larger in the Clark model than that modeled by COAMPS due to the higher vertical and much higher horizontal resolution. Like COAMPS however, the peak wind speed of the jet is about 80 m/s. Nonetheless, the vertical shear is better represented in the Clark model, particularly above the jet core. Also, there is significant gravity wave activity above the jet core, as shown by perturbations in the potential temperature in the lower stratosphere (10 to 12 km in Figure 8). The location of the gravity waves is in good agreement with the observations.

The gravity waves evident in Figure 8 possess horizontal wavelengths of approximately 200 km. Such wavelengths are too long to affect aircraft. However, obvious gravity wave breaking is seen between 10 and 12 km (33,000 and 40,000 feet) in altitude, where the contours of constant potential temperature become vertical or overturn. Such gravity wave breaking is known to cause the required cascade of energy to the scales that affect aircraft as well as possibly inducing shear instabilities in the flow. To show this, consider the cross-section of Richardson number shown in Figure 9. This figure shows that the Richardson number is small (<1) in regions that coincide with the wave fronts, and less than 0.25 in the regions of wave breaking. (Note that, it has been shown that Richardson number less than unity is a sufficient condition for instability and therefore turbulence generation.) It can also be seen in Figure 9 that there is a large region in the upper-troposphere of low Richardson number, indicating possible turbulence.

 The gravity wave breaking occurs in the region of negative shear above the jet core, directly above the region where the horizontal gradients in the upper-level front are most intense. This region of breaking is however, localized in space. For example, consider Figure 10, a horizontal cross-section of Richardson number through 11.3 km (37000 ft). The region of breaking is highlighted as the darkest shading in the plot at approximately (x,y)=(800,800) km. This figure shows that the breaking region is only about 20 km wide, and 60 km long, i.e., too small to be resolved by current operational models. Other smaller scale regions of low Richardson number are also evident. This result is consistent with the general view that atmospheric turbulence is relatively localized in space and time.

Finally, Figure 11 shows a horizontal cross-section of meridional wind through 11.3 km. This figure shows that the gravity wave has a strong signature in horizontal velocity. This velocity signature increases in amplitude as the wave propagates into the region above the jet core. Therefore, the evolution of the wave signature at this altitude may provide a useful proxy for turbulence generation. However, the scale of these signatures are too small to be resolved in current operational models.

4. Conclusions and future work.

In this report the results of a high-resolution modeling study of one SCATCAT case has been presented. This high-resolution simulation has good agreement with the observations. In particular, the model simulation produces strong gravity wave activity and breaking above the top of the jet, in the region in which the G-IV encountered turbulence. Such wave breaking could not be adequately resolved by the horizontal spacing of the dropsondes nor in operational models. In addition to the wave breaking, regions of low Richardson number were caused by the propagating waves, providing another turbulence generation mechanism.

Further nesting at higher resolution is planned to explicitly resolve the turbulence generated by the wave breaking and in the low Richardson number regions. Also, this high-resolution dataset will be used in future studies to test and develop turbulence algorithms.
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Figure 1: Spatial/temporal cross-section of horizontal wind speed (m/s) derived from the dropsonde data. (Courtesy NOAA-FSL.)
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Figure 2: Spatial/temporal cross-section of potential temperature (K) derived from the dropsonde data. (Courtesy NOAA-FSL.)

[image: image3.png]



Figure 3: Location of the COAMPS 54 and 18 km Domains. Also shown is the approximate location of the Clark model Domain 1, the location of the jet (green) and the NOAA G-IV flight track (red). Note that dropsondes were released on the second (south-west to north-east) leg of the track.

[image: image4.png]



Figure 4: Horizontal cross-section of wind speed and direction (contours and vectors respectively) through 10 km altitude at 6Z 18 February 2001 from COAMPS’ 18 km grid.  
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Figure 5: South-west to north-east cross-section of potential temperature (lines) and the south-easterly (into the page) component of the wind at 3Z 18 February from COAMPS. The latitude-longitude points through which this cross-section intersects are shown on the plot. (Note that, the wind speed in the jet represented here is negative, i.e., flow out of the page.)
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Figure 6: Configuration of model grids for the Clark model calculation. Domains 1, 2 and 3 are shown. The location of the jet stream at 6Z 18 February 2001 is also shown in shading. Light blue and dark blue shading shows regions at 9 km altitude where the horizontal wind speed is greater than 60 and 70 m/s respectively. Also shown is a south-west to north-east oriented line which is in a similar position relative to the jet, as the aircraft flight track and the location of the dropsonde release.
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Figure 7: Cross-section of horizontal wind speed (m/s) along the line shown in Figure 6 at 6Z for Domain 3 from the Clark model.
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Figure 8:  Cross-section of potential temperature (K) along the line shown in Figure 6 at 6Z for Domain 3 from the Clark model.
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Figure 9: Contours of Richardson number along the line shown in Figure 6 at 6Z for Domain 3 of the Clark model. Brown shading denotes Richardson number less than 1 and red shading denotes Richardson number less than 0.25.
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Figure 10: Horizontal cross-section of Richardson number through 11.3 km (37000 ft) in altitude at 6Z for Domain 3 of the Clark model. Brown shading denotes Richardson number less than 1 and red shading denotes Richardson number less than 0.25.
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Figure 11: Horizontal cross-section of meridional (northward) wind (m/s) through 11.3 km (37000 ft) altitude at 6Z for Domain 3 of the Clark model. Note all contours show negative values and therefore this component of the wind is coming from the north.







