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Abstract:



This study describes a downslope wind storm event observed over the Medicine Bow range (Wyoming, USA) on 11 January 2013. The University of Wyoming King Air (UWKA) made four along-wind passes over a five-hour period over the mountain of interest. These passes were recognized as among the most turbulent ones encountered in many years by crew members. The MacCready turbulence meter aboard the UWKA measured moderate to severe turbulence conditions on each pass in the lee of the mountain range, with eddy dissipation rate values over 0.5 m2/3 s−1. Three rawinsondes were released from an upstream location at different times. This event is simulated using the non-hydrostatic Weather Research and Forecast (WRF) model at an inner- domain resolution of 1 km. The model produces a downslope wind storm, notwithstanding some discrepancies between model and rawinsonde data in terms of upstream atmospheric conditions. Airborne Wyoming Cloud Radar (WCR) vertical-plane Doppler velocity data from two beams, one pointing to the nadir and one pointing slant forward, are synthesized to obtain a two-dimensional velocity field in the vertical plane below flight level. This synthesis reveals the fine-scale details of an orographic wave breaking event, including strong, persistent downslope acceleration, a strong leeside updraft (up to 10 m·s−1) flanked by counter-rotating vortices, and deep turbulence, extending well above flight level. The analysis of WCR-derived cross-mountain flow in 19 winter storms over the same mountain reveals that cross-mountain flow acceleration and downslope wind formation are difficult to predict from upstream wind and stability profiles.
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1. Introduction


Downslope wind storms sometimes occur on the lee of mountain ranges such as the Rocky Mountain Front Range (e.g., [1,2,3,4]). Such terrain-induced non-linear flow phenomena can result in damaging surface winds as well as severe turbulence both near the ground and at higher levels, thus affecting flight safety (e.g., [5,6]). The strong near-surface downslope winds may halt in a narrow convergence zone, resulting in a deep, turbulent updraft. Several aircraft accidents have been attributed to turbulence associated with downslope wind storms [3,7]. A rich array of instruments was deployed in the 2006 Terrain-induced Rotor Experiment (T-REX) to study downslope wind storms and related phenomena in the Owens Valley, California, in the lee of the Sierra Nevada [8].



Several theories have been proposed for the downslope acceleration of flow and the sudden, steep ascent further downwind [9,10]. The main theories assume either an internal hydraulic jump [5,11,12], or gravity wave energy reflection on a self-induced critical level and local resonance (resonant amplification theory) [13,14,15]. Both theories require strong low-level flow across the mountain range, and a weakly stratified layer overlying a stable layer that immerses the terrain. The stable layer is squeezed over the terrain crest and then plunges into the lee, much like supercritical water flows over a barrier before encountering a hydraulic jump to transition back to subcritical flow. The high-amplitude hydraulic jump or wave energy reflection typically results in wave breaking and turbulence over a depth that usually exceeds the height of the terrain crest, and even the height of the equilibrium level of the potentially warm air carried down in the lee.



The tremendous shear along the upper edge of this plunging flow, as well as near the surface, can produce severe turbulence. The breaking of waves aloft near the top of the hydraulic jump, and occasionally the release of static instability due to overturning isentropic streamlines [16], may also cause severe turbulence. The hydraulic jump is associated with intense low-level convergence. The opposing low-level flow (encountered sometimes further downwind of the mountain) is part of a horizontal vortex referred to as a rotor, which poses an additional threat to aircraft during landing or take-off. Rotors form due to boundary layer separation that may develop in association with the leading updraft in hydraulic jumps, but may also be associated with high-amplitude trapped lee waves [17]. A counter-rotating vortex (or local horizontal vorticity maximum) is also found on the opposite side of the hydraulic jump; it is a reflection of the negative shear at the upper margin of the plunging current [17]. The strength and depth of the upstream stable layer strongly affect the amplitude of the downslope wind storm and the intensity of lee rotors [12,18,19,20].



The present study documents a downslope wind storm, a deep updraft and rotors in the lee of the Medicine Bow Mountains (MBM) in southeast Wyoming, USA (Figure 1). This range is lower and narrower (in the cross-wind direction) than the Sierra Nevada or the Rocky Mountain Front Range, but like those ranges it is asymmetric, with a steeper lee side than the windward side. Recent observational [21] and modeling [22] studies focused on boundary layer separation, rotor formation and wave breaking in the lee of the MBM. French et al. [21] used the same aircraft and airborne radar as used herein (i.e., the Wyoming Cloud Radar or WCR), but their observations are relatively limited since they lacked radiosonde data on the windward side and were collected in a brief period. This brief period of data collection was sufficient to capture rapid dynamic evolution of the downslope windstorm [21]. A follow-up study by Strauss et al. [23] analyzed WCR and flight-level vertical velocity data to quantify turbulence intensity (more specifically, the cubed root of the energy dissipation rate) in breaking mountain waves.


Figure 1. Terrain maps showing (a) the three WRF model domains (with coastline and state boundaries within the USA, and (b) the inner domain showing the model cross section and surface sites. The four UWKA flight tracks were along the model cross-section, but were shorter, ranging from 30 to 60 km in length.
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This study presents some unique high-resolution (~30 m) airborne radar observations of a downslope wind storm that persisted for at least five hours. The radar data are limited to two dimensions (the vertical plane), within the radar echo region, and provide kinematics only. Therefore we also use a 1 km resolution non-idealized numerical simulation of this event to place the radar observations in a dynamically consistent 4D context.



The primary objective of this study is to examine the fine-scale flow and turbulence structure of a downslope windstorm in the lee of the MBM. We also analyze upstream conditions in this and 19 other winter storms over the same mountains, to explore the predictability of cross-mountain flow acceleration and downslope wind formation based on upstream wind and stability profiles.



Observational and modeling designs are presented in Section 2. Section 3 provides an overview of atmospheric conditions of the downslope windstorm, based on soundings and WRF modeling. WCR observations are presented in Section 4. The question of predictability based on upstream stability and flow characteristics is discussed in Section 5. A summary follows in Section 6.




2. Observational and Modeling Design


2.1. Instruments


This study uses data collected on 11 January 2013 during the AgI Seeding Cloud Impact Investigation (ASCII-13) field campaign [24]. This campaign was not intended to study mountain waves or downslope wind storms. If it was, many more transects across the wind storm would have been flown, over longer distances and a different flight levels. In any event, the data presented here illustrate an impressive, persistent downslope wind storm event encountered by chance. The University of Wyoming King Air (UWKA) conducted two flights over the MBM (Figure 1b) on 11 January 2013, and three rawinsondes were launched from Saratoga (Figure 1b), upstream of the MBM. No radiosondes were launched from downstream locations, but aircraft soundings were collected some 30 km downstream of the MBM, between 4.2 km MSL and the airport in Laramie (2.2 km MSL).



The UWKA carried the WCR, a 3-mm (95 GHz) Doppler radar with fixed antennas oriented in various directions. Here we use three antennas: one pointing up (zenith beam), one down (nadir beam), and 30° forward of nadir (down-forward beam). The beam widths of these antennas ranges from 0.5° to 0.7° and the pulse width during this flight was 37.5 m, although data were sampled at 15 m range resolution. WCR profiles were sampled at about 20 Hz, which corresponds to an along-track resolution of 4–5 m at typical UWKA airspeeds of 80–100 m·s−1. The minimum detectable (radar equivalent) reflectivity for the most (least) sensitive WCR beam was about –33 (–28) dBZ at a range of 1 km, and the maximum unambiguous radial velocity was ±15.8 m·s−1 on this flight. Reflectivity values generally were quite low in the downslope wind storm examined here. They were highest on the windward side, but even there they did not exceed 10 dBZ as the storm was rather shallow and produced only light snowfall. This snow sublimated quickly on the lee side, but WCR echoes persisted remarkably long on the lee side, due to a mixture of sublimating ice particles and blowing snow particles. The latter result from strong winds scouring the surface and lofting the saltating ice particles into the turbulent boundary layer [25].



In the absence of deviations from aircraft reference pitch and zero roll, the radial velocity obtained from the up and down beams represents the vertical velocity of the reflectivity-weighted hydrometeors. However, aircraft wobble during flight, especially in turbulent areas, causes these radial velocities to become contaminated by both the aircraft motion and the horizontal winds. The effects of aircraft motion are automatically removed during post-processing, but horizontal wind contamination must be corrected for separately by assuming some horizontal wind profile. For lack of sounding data, French et al. [21] used instantaneous flight-level winds (assumed to be constant down to the ground) for this wind profile. Here the Saratoga radiosonde nearest in time to the flight pass is used for this wind profile. As will be shown later, the wind profile changes dramatically across the MBM crest. This change is not accounted for, and results in higher uncertainty in vertical velocity estimation, especially where the aircraft attitude variations (pitch and roll) are large.



The resulting hydrometeor vertical velocity is the sum of the air vertical velocity and the (negative) hydrometeor fallspeed. The latter is not estimated, but WCR vertical velocity will be displayed using a color scheme centered at –1 m·s−1, such that positive (negative) values can be interpreted as air updrafts (downdrafts). A fallspeed estimate of 1 m·s−1 is reasonable for unrimed snow (e.g., [26,27]), although it may be high for blowing snow particles [25]. In any event, the actual fallspeed is small compared to observed WCR vertical velocities in the downslope wind storm and hydraulic jump, as will be shown below.



Radial velocities from the two downward-pointing WCR beams, which are ~30° apart, are utilized to obtain the 2D wind field in a quasi-vertical plane below the aircraft. For flight legs that are oriented across the MBM, roughly along the wind, this allows for examination of the downslope wind storm and leeside flow phenomena. Damiani and Haimov [28] describe the details of the technique for vertical-plane dual-Doppler synthesis. This technique, used here, has been used in many other WCR-focused studies, including Geerts et al. [29,30,31], Yang and Geerts [32], Miao and Geerts [33], Sipprell and Geerts [34], Damiani et al. [35], French et al. [21], and Bergmaier and Geerts [36]. Close alignment of the flight track along the flight-level wind (as is the case in the event examined here) minimizes the difference between the aircraft heading and track angles, a difference that may be large when the cross-track wind is strong. An along-wind flight track ensures close alignment of the nadir and down-forward beams, and reduces the uncertainties in the dual-Doppler synthesis [28].



In addition to the WCR, the UWKA carried a backscatter lidar, the Wyoming Cloud Lidar, and several in situ probes to measure temperature, humidity, 3D wind, eddy dissipation rate (EDR), and cloud physics (including a Cloud Droplet Probe and two 2D optical array probes).



The UWKA made four along-wind passes during two flights over the MBM. Data were collected in all four transects on the upstream and downstream sides of the MBM; however, for one of the passes the WCR failed in intense turbulence on the lee side.




2.2. Numerical Model Setup


To place the WCR observations in a dynamically consistent 3D context that is continuous in time and is not limited to the area of radar echoes, we ran a WRF simulation at 1 km resolution. The WRF model output will be used to examine the evolution of the downslope wind storm and the vertical structure of the atmosphere over a domain much larger than the domain of the flight tracks. Here we use WRF version 3.7.1 [37]. Three nested domains are used, with horizontal grid spacing (Δx = Δy) of 9 km (d01), 3 km (d02), and 1 km (d03) (Figure 1a). The model uses 61 terrain-following vertical levels in all three domains. The vertical grid spacing is about 19 m near the surface and increases roughly exponentially with height, but remains less than 200 m below 2 km above ground level (AGL).



The North American Model (NAM) reanalysis, available at three-hourly intervals with 12 km resolution, was used to drive the model’s initial and boundary conditions. Fluxes in the PBL are parameterized with the Mellor–Yamada–Janjić scheme (MYJ, [38]), while horizontal diffusion is handled with a Smagorinsky first-order closure scheme (Table 1). The WSM 6-class graupel scheme [39] is used for cloud microphysical processes and atmospheric radiation is treated with the RRTM scheme [40] for longwave radiation and the Dudhia [41] scheme for shortwave radiation. The simulation was initialized at 0000 UTC on 11 January 2013 and carried forward for 30 h. The first few hours of the run are regarded as spinup time and the model output data are analyzed from 1800 UTC of 11 January to 0400 UTC of 12 January, matching the observational period. Only inner domain (d03) model data are analyzed here. The WRF data will first be validated against independent radiosonde data, and then will be used to describe the downslope wind storm and terrain induced gravity waves, as seen in a Δx = 1 km simulation.



Table 1. WRF model configuration and domains used in this study.







	
Domains: Δx = Δy

	
d01: 9 km

	
d02: 3 km

	
d03: 1 km




	
Simulation time

	
30 h starting on 11 January 2013 at 00 UTC




	
grid points

	
241 × 121

	
181 × 181

	
181 × 181




	
time steps (seconds)

	
30

	
10

	
3.3




	
driver

	
12 km NAM

	
nested

	
nested




	
vertical level

	
60 layers




	
PBL and Turbulence

	
MYJ scheme [38] and Horizontal Smagorinsky first-order closure




	
SW radiation

	
Dudhia scheme [41]




	
LW radiation

	
RRTM scheme [40]




	
land surface

	
Noah land-surface Model




	
microphysics

	
WSM 6-class graupel scheme [39]












3. Atmospheric Conditions


3.1. Synoptic Conditions


At 00 UTC on 12 January 2013, about the middle of the UWKA flight period, the MBM region in southern Wyoming was in a cold airmass, with a low tropopause overhead. A deep upper-level trough was present to the southwest of the MBM, with a closed circulation at all levels up to 300 hPa, and a strong southwesterly 300 hPa jet across the Great Plains (Figure 2a). The 500 hPa flow was rather weak in the cold airmass over the MBM region, with several weak vortices evident in the NAM data (Figure 2b). The low-level cold-frontal trough was well east of the MBM, extending from eastern North Dakota to eastern Colorado (Figure 2c). At the surface, the cold-frontal trough was further to the east, e.g., in southeastern Nebraska, and was followed by cold-air advection across the northern Great Plains (Figure 2d). The wind in the MBM area was generally westerly from the surface to 300 hPa, slightly backing with height (Figure 2), except for the 400 hPa level, where the flow was weak from the southeast (not shown). At ~30 knots, the 700 mb (near MBM crest level) westerly flow in the MBM area was not exceptionally strong (Figure 2c).


Figure 2. Synoptic condition from the 12 km NAM data at 0000 UTC on 12 January 2013. Wind barbs (full barb = 10 knots) are shown at each level, including at the surface (10 m) in (d). The white box in each panel shows the location of the Medicine Bow Mountains.
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3.2. Upstream Vertical Profile


Three soundings were released from Saratoga (Figure 1), upstream of the MBM, within three- to five-hour intervals. The elevations of Saratoga and MBM peak are about 2060 and 3661 m MSL, respectively, and the horizontal distance between these two locations is 42 km. A lower mountain range, the Sierra Madres southwest of Saratoga, should also be noted. The second sounding was released just before the first UWKA flight, and the last sounding was released near the end of the second UWKA flight. These soundings reveal the change in atmospheric vertical structure during an eight-hour period. The reasons we discuss the first two soundings (before the UWKA flight) are (a) that it takes some time (roughly one hour) for conditions over Saratoga to be advected to the lee side of the MBM, (b) that earlier conditions may have been essential to the formation of a breaking wave, which then may have become somewhat self-sustaining through a self-induced critical level, and (c) the model produced a high-amplitude non-linear wave at an earlier time, before the UWKA observation period.



The first sounding, released at 17:00 UTC (10 am local time), reveals a well-mixed, windy boundary layer (below 2.4 km MSL) capped by a weak inversion at ~2.8 km MSL (Figure 3a,d). The wind steadily backed from near the surface up to 6 km MSL (Figure 3e,f). Rapid backing occurred across a stable layer between 5.5–6.1 km MSL with southeasterly wind above this stable layer. Such reversal of the cross-barrier flow, from low-level westerly wind to (south)easterly wind starting about 2 km above the MBM crest, may be important, as it may support downslope wind storm formation [16,42]. The wind reversal level is referred to as a critical level, as the phase speed of orographic internal gravity waves is zero.


Figure 3. Vertical profile of the upstream atmosphere, at Saratoga, according to radiosonde data (solid lines) and the inner-domain WRF model (dashed lines). The first three panels (a–c) show temperature (red lines) and dewpoint (blue lines) on a skew T diagram, with wind barbs on the side (full barb = 5 m·s−1 and flag = 25 m·s−1), at three different times. Panels (d–f) show the vertical profiles of potential temperature, zonal wind speed, and wind direction, respectively. The height of Medicine Bow Peak is marked by a black arrow in the last three panels.
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The stability of this critical level increases dramatically in the next three hours (compare the first to the second sounding in Figure 3d). Significant cooling occurred below this elevated inversion in those three hours. The well-mixed boundary layer was deeper (~1.2 km deep), probably on account of the cold-air advection, but otherwise the fundamental vertical structure remains unchanged from three hours earlier. The third sounding seven hours later (Figure 3c) is, however, fundamentally different from the first two soundings: the elevated inversion layer (~5.5–6.1 km MSL) and the southeasterly flow above it are absent, and cloudiness probably occurred up to the (very low) tropopause (Figure 3c). The temperature was also lower below the (vanished) elevated inversion layer, but only slightly, compared to seven hours earlier. The low-level westerly wind remained equally strong, ~15 m·s−1.



Markowski and Richardson [10] list seven conditions conducive to downslope wind storms: (a) a high, asymmetric mountain with a steeper lee slope; (b) strong cross-barrier winds (>15 m·s−1) at and just above mountaintop level; (c) the wind at this level should be close to normal to the barrier (within 30°); (d) a stable layer near or just above mountaintop level, and a less stable layer above; (e) cold-air advection and large-scale subsidence to reinforce this stability structure; (f) reverse wind shear and a critical level aloft; and (g) the lack of a cold pool in the lee valley, which may inhibit the downslope storm from penetrating to the surface. In addition, the mountain half-width cannot be so small that the advection time scale is shorter than a buoyancy period; otherwise the mountain cannot generate a vertically propagating gravity wave response. The MBM is definitively wide enough in this case.



The first condition applies to the MBM. Other than this first condition, the six other conditions may not all be necessary. One could also question whether Saratoga, at ~one mountain width to the west of the MBM, is a representative upstream location. Further, it is not clear whether stronger conditions (e.g., stronger low-level wind, higher low-level stability) imply a stronger downslope windstorm. Thus, these conditions are evaluated qualitatively only.



In general these six conditions applied (although condition (b) only marginally) early in the UWKA observation period, i.e. for the second sounding, at 20:00 UTC. At this time (g) applied as well, with Laramie (located in the downwind valley, see Figure 1) reporting strong westerly winds and relatively high potential temperature, 287 K (Figure 4), 3 K higher than the potential temperature in the upwind well-mixed layer at 20:00 UTC (Figure 3d). This implies that potentially warmer air was mixed down into the lee-side airmass, i.e., the downslope wind storm reached the downwind valley. But Laramie experienced cooling after 20 UTC, as colder air moved in from the north (Figure 4). During most of the remainder of the UWKA flights the downslope windstorm may not have reached Laramie some 30 km downwind of the MBM, but it may have penetrated into the valley further west.


Figure 4. Comparison of surface observations (black) against WRF model (red) for (a) potential temperature and (b) wind. The model is compared against observations from the Laramie Regional Airport weather station during a 10-hour period on 11–12 January 2013.
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Towards the end of the UWKA observation period, at 03:00 UTC (next day), conditions (d), (e), and (f) no longer applied [maybe (f) marginally did apply as the zonal wind did just reach 0 m·s−1 aloft], and condition (g) could not be verified. Most significant is condition (d), the lack of a stable layer near mountaintop level, below a less stable layer (Figure 3d). So conditions were less suitable for a downslope windstorm at 03:00 UTC. Yet at this time (around 03 UTC) the downslope wind storm was most intense, as will be shown below. It is possible that Saratoga was not a suitable upstream location, as it may have been affected by flow modified by the Sierra Madres, to the southwest of Saratoga (Figure 1b). This range also is rather asymmetric (condition a) and may produce downslope wind storms [43], although there is no evidence this happened on 11–12 January 2013. It is possible also that the downslope windstorm, triggered by suitable upstream conditions earlier on, somehow became self-sustaining by a self-induced critical level.



The WRF-simulated upstream conditions, in the inner domain (d03), are compared against radiosonde data in Figure 3. The WRF model “knows” about the Sierra Madres and should be able to capture their effect on low-level flow and stability above Saratoga. These low-level conditions (below mountaintop level) are summarized in Table 2. The bulk Brunt–Vaisala frequency N in Table 2 is calculated from the surface to mountaintop level, as a weighted mean of the dry value from the surface to the lifting condensation level (LCL) and the moist value above the LCL, the latter using the equation in [44]. Its average value (N ~0.0073 s−1) from three soundings compares very well with the time-space matched WRF value (N ~0.0074 s−1) (Table 2). This N and the surface-to-mountaintop mean wind speed U are used to compute the non-dimensional mountain height h [h = NH/U, where H is the height of the mountain above the upwind plains]. For the first sounding, the modeled and observed h values are close to 1, but for the other two soundings, the observed h becomes smaller than 1 (suggesting unblocked flow), while the modeled h becomes larger than 1 (suggesting more blocked flow). High h values tend to imply higher-amplitude gravity waves and more significant departures from linear behavior in stratified flow (p. 14 in [45]). The high h values in the model are due to an underestimation of the low-level wind speed in the last two soundings (Table 2). That in turn may be related to the fact that the modeled flow over Saratoga is less affected by the Sierra Madres: at 03:00 UTC, the observed low-level flow is from 271° and thus downwind of the northern part of the Sierra Madres, while the modeled wind is from 301° (Figure 3c,f), a direction lacking significant upwind terrain (Figure 1b). Other discrepancies in the WRF simulations, compared to radiosonde data, include excessively cold conditions in the first sounding (before the UWKA observations), suggesting that the model advected the colder airmass too early, and the lower tropopause than observed.



Table 2. Characterization of the upwind environment, and evaluation of model performance. Shown are the wind speed U, wind direction, the Brunt–Väisälä frequency N, and the Froude number Fr. All observations (OBS) are derived from a radiosondes released in Saratoga and model output is time–space-matched to these observations. Here N is the depth-weighted average dry (moist) value of the Brunt–Väisälä frequency below (above) cloud base (defined as the LCL). The non-dimensional mountain height h is calculated as [image: there is no content] where H is the height of Medicine Bow Peak (3,661 m MSL) above Saratoga (2070 m MSL). All variables are averages between the surface (10 m) and mountaintop level.







	
Sounding Launch

	
Average Value from Surface to Mountaintop




	
Date

	
Time (UTC)

	
U (m/s)

	
Wind Dir (°)

	
N (0.01 s−1)

	
h




	
obs

	
model

	
obs

	
model

	
obs

	
model

	
obs

	
model






	
11 January 2013

	
1700

	
16.7

	
10.1

	
240

	
277

	
1.06

	
0.54

	
1.03

	
0.85




	
11 January 2013

	
2000

	
14.9

	
10.9

	
265

	
270

	
0.57

	
0.67

	
0.57

	
0.96




	
12 January 2013

	
0300

	
14

	
8.2

	
271

	
301

	
0.55

	
1.02

	
0.59

	
1.96




	
Average

	
15.2

	
9.7

	
259

	
283

	
0.73

	
0.74

	
0.68

	
1.10










The main model discrepancy is the lack of elevated inversion (around 5.5–6.1 km MSL) and the concomitant lack of wind reversal in the upper troposphere in all three soundings (Figure 3). The latter is one of the seven conditions for downslope windstorms mentioned before. While condition (f) is not satisfied in the model, conditions (b) [regarding cross-MBM wind speed] and (d) [regarding change of stratification with height] are satisfied more convincingly in the last two model soundings (during UWKA observations) (Figure 3). Thus upstream conditions in the WRF simulation appear conducive to a downslope windstorm throughout the 10-hour period, except for the lack of a critical level and significant reverse shear (condition f).




3.3. Modeled Flow Field across the Mountain


Vertical cross sections of vertical velocity, potential temperature, and horizontal wind are shown in Figure 5, for a 10-hour period (from 18 UTC Jan 11 to 04 UTC 12 January 2013), the last five of which overlap with the UWKA transects. These zonal cross sections are obtained from the innermost domain along the line in Figure 1b, which transects the top of the MBM and matches the UWKA flight track. The zonal wind for the corresponding model transects is shown in Figure 6.


Figure 5. Model vertical cross sections of vertical velocity (color filled), potential temperature (black lines), and wind vectors along the transect line shown in Figure 1, from west to east, at two-hour increments starting in panel (a) at 18:00 UTC on 11 January. Two counter-rotating vortices (yellow dashed lines) are shown schematically in panel (c).
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Figure 6. As in Figure 5, but showing zonal wind speed.
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Lee gravity waves are present as early as 18 UTC (Figure 5a), and high amplitude trapped lee waves can be seen at 20 UTC (Figure 5b). A deep isentropic layer resulting from a dividing streamline [3] starts to develop over the MBM at 22 UTC (Figure 5c), near 5 km MSL. The upstream stratified air plunges down below this isentropic layer, especially at 22 UTC when this plunging flow transitions to an updraft (hydraulic jump) reaching 8 m·s−1 (at x = 52 km in Figure 5c). This subsiding, near-surface flow reaches a speed of 25 m·s−1 some 15 km downwind of the crest (Figure 6c). This speed is twice as large as the upstream wind speed. Two vortices flank the hydraulic jump at 22 UTC, both with an easterly flow component. These vortices are drawn schematically in Figure 5c and Figure 6c. Trapped lee waves persist for some distance further downwind. The amplitude of the wind storm is suppressed at 00 UTC and 02 UTC (Figure 5d,e), but is larger again, although more shallow, at 04 UTC (Figure 5f).



Transects of model turbulent kinetic energy (TKE, m2 s−2) and eddy dissipation rate (EDR, m2/3 s−1) are shown in Figure 7, valid for 20 UTC, a time when the downslope windstorm and hydraulic jump are best developed. We would like to estimate EDR from model output, because EDR is a well-established measure of the subjective feel of turbulence experienced by aircraft passengers. EDR values for specific-size aircraft are linked to turbulence severity categories in pilot reports. There is no physically based relationship between TKE and EDR. Especially for smaller aircraft, EDR values are affected mostly by kinetic energy at the smaller scales of the inertial subrange. Here, the EDR is estimated using an experimental equation (1) proposed in Regmi et al. [46] for an aircraft of similar size to the one used in this study:


[image: there is no content]



(1)




where LE (m) is the length scale. Model estimations of TKE and LE are based on the MYJ PBL parameterization (Table 1). (Model EDR is shown here because it is a standard measure of turbulence intensity experienced aboard an aircraft, and it also directly measured at flight level, see below.) High TKE and EDR values at 20 UTC (Figure 7) flank the highly stratified plunging jet (Figure 6b) both above and below, highlighting shear as a key source of TKE. They further flank the hydraulic jump (ascending isentropes). However, TKE and EDR values are especially high just downstream of the hydraulic jump, in the rotor.


Figure 7. Model vertical cross sections of (a) TKE and (b) the EDR at 20:00 UTC on 11 January 2013. The black lines in both panels are the potential temperature.
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Notwithstanding some discrepancies between modeled and observed upwind stratification and wind profile (Section 3.2), the WRF simulation captures an evolving downslope windstorm with, at times, a hydraulic jump just upwind of the downstream valley, counter-rotating vortices, a breaking wave, and residual trapped lee waves. One discrepancy with observations presented so far is the penetration of a colder airmass from the north in the lee valley after 22 UTC (Figure 5). The resulting cooling in Laramie (Figure 1) is inconsistent with observations (Figure 4). This cold pool may prevent deeper penetration of the plunging flow into the Laramie valley [condition (g) in Section 3.2].





4. Radar Observations of the Downslope Wind Storm and Turbulence


4.1. Reflectivity


The 20 UTC sounding reveals moist layers at low levels and near 6 km MSL (Figure 3b), while the 03 UTC sounding reveals rather moist conditions up to the tropopause, mainly between 3 and 6 km MSL. Both soundings support stratiform orographic clouds and precipitation. The structure and evolution of radar echoes across the MBM (Figure 8) can be interpreted in this context. The four WCR reflectivity transects collected on an along-wind flight track over a 5.2-hour period are shown in Figure 8. This track aligns exactly from west to east, and coincides with the model transects (Figure 5 and Figure 6); however, the length of the flight tracks varies. The direction of the flight is either from east to west or west to east, as shown by an arrow in each panel, but the west (upwind) side is always plotted on the left side. These transects cover both sides of the crest except the third panel (Figure 8c), for which no WCR data were available on the lee side.


Figure 8. WCR-measured radar reflectivity for the four along-wind transects over the MBM flown over a five-hour period starting, in panel (a), at 22:30 UTC on 11 January 2013. The actual flight times are shown in the plots. The dashed line and arrow in all panels show the flight level and flight direction, respectively. The black belt centered at flight level is the radar blind zone. Distance 0 km in all panels corresponds with the crest of the MBM and the largest distance from panel (d) is kept in all panels.
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Shallow, stratiform clouds formed upwind of the MBM, producing light snowfall mainly over the crest (Figure 8). Snowfall extended into the lee, close to the ground. The somewhat cumuliform echoes in the lee, near the surface, are attributed to intense turbulence, as will be shown below. The echo strength and depth decreased with distance from the crest and sublimating falling snow likely transitioned to blowing snow further leeward, although WCR data do not allow for a distinction between the two types of snow. A cirrostratus layer aloft, likely advected from the south (Figure 3b), remained decoupled from the shallow orographic cloud (Figure 8). It weakened from the first to the third WCR transect. In the last WCR transect a new cirrus layer, advected from the west and merged with the low-level cloud, was drawn into the plunging flow over the MBM (Figure 8d).




4.2. Flight-Level Measurements


Measurements at flight level (~4.27 km MSL, or ~0.6 km above Medicine Bow Peak) for the same four UWKA passes are shown in Figure 9. As mentioned in Section 4a, all four passes do not cover the same distance; however, the position of the MBM crest is centered at 0 km (vertical dotted line) in all panels in Figure 9. (The underlying terrain profiles are shown in Figure 9e.) All four passes reveal a drastic change in temperature, vertical velocity, wind, and turbulence from the upwind side to the immediate lee of the crest. Potential temperature increased by as much as 7 K within 8–10 km behind the crest (Figure 9a), due to ~2 m·s−1 subsidence (Figure 9b). This sinking flow also accelerated by 6–10 m·s−1 (Figure 9c) but remained mostly laminar (Figure 9d), until it suddenly became turbulent about 8 km behind the crest. The region of lee turbulence contained downdrafts and updrafts ranging from −7 m·s−1 to +12 m·s−1 (Figure 9b), and locations where the zonal wind becomes slightly negative (easterly wind) (Figure 9c).


Figure 9. Flight-level atmospheric variables for the same four along-wind flight tracks shown in Figure 8. The vertical dotted line in all panels (x = 0) corresponds with the crest of the MBM. (a) Potential temperature; (b) vertical air velocity (the dashed line represents 0 m·s−1); (c) zonal wind; (d) eddy dissipation rate (EDR) measured by the MacCready turbulence meter, with colored layers indicating turbulence severity based on the classification of Strauss et al. [23]; and (e) underlying terrain profile (the dashed line in (e) represents the flight level).
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Atmospheric turbulence at the flight level is evaluated using the EDR, measured by a MacCready Turbulence Probe [47]. The EDR measured by the MacCready Probe is proportional to the standard deviation of the vertical acceleration an aircraft experiences [48]. The MacCready EDR measurement has been adopted by the International Civil Aviation Organization as a measure of turbulence intensity in pilot reports. Measured EDR values are used to categorize the turbulence intensity at flight level. For medium-sized aircraft such as the one used in this study, EDR thresholds of 0.014, 0.050, 0.125, 0.220, 0.350, and 0.500 m2/3 s−1 refer to the turbulence categories ‘smooth to light’, ‘light’, ‘light to moderate’, ‘moderate’, ‘moderate to severe’, and ‘severe’ [23]. The latter three regions are highlighted in Figure 9d.



The UWKA experienced severe turbulence during the second and third passes and moderate to severe turbulence on the two other passes (Figure 9d). This indicates that moderate to severe turbulence was present for at least five hours in the lee of the MBM. The location and magnitude observed EDR values at flight level in all four transects (0.2 < EDR < 0.4 m2/3 s−1 about 10–30 km downwind of the crest) correspond well with those in the WRF simulation at the same level, but at an earlier time (Figure 7), although at 1 km resolution WRF cannot capture the observed fine-scale variability (Figure 9d). WRF simulated EDR values at times matching the flight transects are only one-third to one-half the observed values (not shown). It is challenging for a single numerical model run (driven by three-hour resolution reanalysis data in the outer domain) to realize the conjunction of conditions leading to wave breaking and downslope wind storm at precisely the right time [49,50].



The intense turbulence is consistent with remarkably high levels of TKE at flight level (Figure 10). Within the available spectral range, the power spectra of vertical velocity in the lee follow the −5/3 inertial subrange slope both near the ground and at flight level (Figure 10), thus within the ~30 km of lee-side stretch, small-scale vertical velocity variations (at a scale of less than a few km) are due to turbulence. WCR-based spectra can be produced up to 500 m AGL only, because of a lack of radar echoes at higher levels (Figure 8). This lack of radar echoes and the resulting noisy Doppler velocity field (with remaining velocity unfolding uncertainties) explain why we did not attempt to use WCR data to estimate the spatially resolved turbulence spectrum and EDR as in [23]. The spectral peak near 4–6 km in the last two transects in Figure 10 may be related to a hydraulic jump (see below). TKE tends to be higher at 500 m AGL than closer to the ground or at flight level. This is unlike typical shear-driven boundary-layer turbulence, which weakens with height in the boundary layer (e.g., [30]). It is also unlike the resolved turbulence in the WRF simulation, which generally weakens with height (Figure 7). The cause of this high TKE at 500 m AGL will become apparent in the next section.


Figure 10. Power spectra of WCR vertical velocity (color lines, representing heights ranging from 100 to 500 m AGL) and flight-level vertical velocity (black line) for along-wind transect (a) #1, (b) #2, and (c) #4. Only the lee-side portion is included, a total distance of ~30 km. Frequency is converted to distance using the average ground-relative speed of the aircraft. The dashed lines show the –5/3 inertial subrange slope at increasing levels of TKE.
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4.3. Vertical and Horizontal Wind below Flight Level


The WCR measured vertical velocity is shown in Figure 11 for the four along-wind flight tracks. No data are available near the flight level due to the radar blind zone; that zone is partly filled with flight-level vertical air velocity data, which match well with the WCR vertical velocity. The zonal wind derived from WCR vertical-plane dual-Doppler is shown in Figure 12, below flight level only, together with the gust probe zonal wind plotted at flight level. The curved nature of that flight level in Figure 11 and Figure 12, especially on the far lee side, is testimony to the strong vertical drafts the aircraft experienced, resulting in departures from assigned flight altitude. The hydrometeor streamlines in Figure 12 are defined as being tangential to the 2D hydrometeor velocity vectors, i.e. the vertical component includes the actual particle fallspeed, as in [28].


Figure 11. As in Figure 8, but for WCR measured hydrometeor vertical velocity. Also shown, at flight level, is the gust probe vertical air velocity. Note that the color bar is centered at 0 m·s−1 for the gust probe, yet at –1 m·s−1 for the WCR. This is intended to allow for interpretation of WCR data as air vertical motion.
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Figure 12. As in Figure 8, but for along-track (zonal) wind speed and hydrometeor streamlines, derived from WCR dual-Doppler synthesis. The gust probe zonal wind speed is shown at flight level.
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The flow over the windward side is weakly ascending and very smooth (the light-blue area, especially in Figure 11c). Terrain-driven vertical velocity dipoles are evident across the main crest and across a secondary crest in the lee. Turbulent rising and sinking eddies can be seen in the boundary layer, mainly in the lee, on account of the stronger winds there (Figure 12). Each transect shows a plunging, accelerating air current, starting above flight level just upwind of the crest and extending some distance in the lee, with wind speeds doubling to ~25 m·s−1. In two transects, the second and the last ones, blowing snow is separated from the surface and lofted in a deep updraft reaching 8–9 m s–1 at flight level. This updraft occurred at x = 24 km downwind of the crest in both transects (Figure 11b,d). In the third transect, no WCR are available that far east, but a strong updraft and saturated (cloudy) air was encountered at x = 25 km (Figure 9b). This persistent updraft was deep, lifting the cirrus cloud base aloft (Figure 8b,d). This updraft, referred to as a hydraulic jump, was associated with the separation of the downslope windstorm from the boundary layer, implying strong low-level convergence (Figure 12b,d). The same hydraulic jump may have been present in the first transect, but the aircraft did not extend far enough leeward.




4.4. Observation of a Rotor


During the fourth and last flight track, which also was the longest and extended furthest east, the crew members experienced moderate to severe turbulence, both on the track shown here (Figure 9), and further downwind as the UWKA prepared for landing in Laramie. Figure 13 zooms in on the lee section of Figure 12d to examine the hydraulic jump and rotor. Snow particles were carried in the downslope wind storm, before being lofted at least 1 km, as the boundary layer separated from the surface and was drawn into the hydraulic jump, located around x = 24 km in Figure 13b. Unfortunately, no WCR echoes exist in the dry slot containing the core of the plunging current, but the zonal wind field (Figure 13c) suggests that the strongest mean wind occurred in that dry slot, between 500 and 1000 m AGL. The very strong shear near the edge of this jet invariably was unstable, resulting in intense turbulence that explains the very high TKE on the lee side just below this jet near 500 m AGL, as discussed in Section 4.2 (Figure 10). The same high turbulence, resulting from shear instability, can be seen near the top of the plunging current in the model (Figure 7).


Figure 13. Zoomed-in view of the lee portion of the last WCR transect (distance matches with Figure 12d) highlighting the hydraulic jump and rotors. (a) Radar reflectivity; (b) hydrometeor vertical velocity; and (c) along-track wind speed with hydrometeor streamlines (solid lines) and schematically drawn counter-rotating vortices (dashed lines). The flight level is shown as a dashed line in (a), and flight-level vertical velocity and zonal wind speed are shown in (b) and (c), respectively.



[image: Atmosphere 08 00039 g013]






The WCR echoes generally were very weak, near the minimum detectable signal level (~−30 dBZ) (Figure 13a), but the signal was strong enough to reveal a coherent, strong updraft (up to 10 m·s−1) extending to flight level (Figure 13b) and beyond. Two 3–4 km wide counter-rotating vortices on opposite sides of the hydraulic jump are drawn schematically in Figure 13c. Some (easterly) return flow can be seen both at flight level (near x = 20 km) and near the surface (near x = 27 km), although the dual-Doppler derived wind is less certain there due to the weak echoes and rapid aircraft attitude changes associated with the turbulence at flight level. The lower vortex, with vorticity pointing into the page, is referred to commonly as a rotor. The two vortices in Figure 13c are similar to the ones highlighted in Figure 5c and Figure 6c, although the modeled vortices are 2–3 times wider, presumably because of limitations associated with the model resolution.





5. Discussion


The persistent strong updraft seen in WCR data some 25 km downwind of the crest is referred to here as a hydraulic jump. The WCR transects are relatively short, and the radar echoes deteriorate with distance in the lee, for lack of scatterers. Thus, the data do not exclude the possibility that this updraft is part of a non-linear, high-amplitude trapped lee wave, as suggested by the WRF simulation. The transition from a trapped lee wave to a hydraulic jump is ill-defined, even in model output (e.g., [12]). Certainly, this wave involved a supercritical downslope flow that suddenly transitioned into a strong, deep updraft. Abundant turbulence was generated by the wave breaking in the hydraulic jump, but also by shear around the margins of the plunging jet.



Two counter-rotating vortices were observed and simulated as part of this strong updraft. Both observations and simulations show reverse flow in these vortices, at least in one of the transects. Turbulence near these vortices is not surprising given the tremendous wind shear associated with them. Hertenstein [19] and Hertenstein and Kuettner [20] describe two types of rotors, whose formation depend on the upstream environment: in both cases an inversion is present near mountaintop level, but the wind shear across this inversion varies. Under weak wind shear the rotor produces moderate or severe turbulence. Under stronger shear the rotor is associated with trapped lee waves, in which case the turbulence may be severe [4,20,22,51,52]. Both the WRF simulations and WCR observations suggest that the case presented here was predominantly of the second type.



This observational study adds to the growing body of literature describing the fine-scale structure of downslope wind storms and associated turbulence. While the MBM may be rather prone to downslope wind storms [21,22,31], even under marginally strong wind at mountaintop level, they do occur elsewhere (as mentioned in the Introduction), including in more densely populated areas. Most severe wind events in the Boulder, Colorado area, for instance, are associated with downslope wind storms [53]. The present study builds on previous research over the MBM in Wyoming in that it documents the upwind conditions leading to a persistent downslope windstorm.



A better understanding of upstream conditions conducive to downslope wind storm formation should result in a better predictability of these potentially hazardous events. In the event studied here, the upstream conditions all appeared conducive initially, but later on several conditions no longer applied (Section 3.2), suggesting that the persistence of the downslope windstorm was affected by a self-induced critical level.



In an effort to evaluate predictability based on upstream conditions, we examined the cross-mountain acceleration and downslope windstorm formation in 19 other winter storms over the MBM. These storms were sampled by the UWKA with WCR in four different projects during the winters of 2006, 2008, 2009, and 2013. The cases were selected based on one other criterion, i.e. the availability of upwind vertical profile data, from aircraft soundings conducted near the Saratoga airport (in 2006) or radiosondes released from Saratoga during the UWKA flight. As in the present case study, the objective of those 19 flights did not relate to orographic wave dynamics, but rather to cloud microphysics, so they present a reasonable depiction of flow dynamics across the MBM in winter storms. In all 19 cases, at least one cross-mountain transect of horizontal wind derived from WCR dual Doppler synthesis was available. (In the 2008, 2009, and 2013 flights there were one or two per flight; in the 2006 flights, there were more.) In all flights the cross-mountain track was within 20° of east-west, and aligned to be normal to the low-level wind, which was close to westerly. We computed the average WCR along-track wind speed within 500 m AGL and within 10 km horizontal distance from the MBM crest, to obtain a mean upwind and mean leeside wind speed. We compute upwind stability as for Table 2, and upwind wind profile parameters are computed along the direction of the flight track.



Stronger winds in the lee (than the upwind side) are common, as predicted even by linear wave theory: they were observed in all but three cases (84%), but in most of these, the cross-crest acceleration was small. Significant acceleration across the crest (40% or higher increase in wind speed) occurred in just seven cases (37%). The wind increase in the 11–12 January 2013 case is rather larger (60% increase, on average for the three transects in Figure 12 with enough WCR data). There is no clear relationship between the cross-crest acceleration and different upstream conditions believed to be conducive to downslope windstorms (based on in Markowski and Richardson [10], see Section 3.2). Conditions (a) (mountain asymmetry, vertically propagating waves) and (c) (wind direction) were always satisfied, and conditions (e) and (g) are neither relevant nor assessable from an upwind sounding alone. The three remaining conditions mentioned in Section 3.2 are condition (b) (wind speed near mountaintop level), condition (d) (high stability at low levels and/or near mountaintop level, or decrease of stability from around mountaintop level to ~1 km higher), and condition (f) (a critical level aloft within the troposphere or reverse wind shear across mountaintop level). Scatterplots of mountaintop wind speed, stability (or change of stability with height), and wind shear (over various depths) against the leeside wind speed and against cross-crest acceleration ratio for these 19 cases (not shown) reveal that these sounding parameters offer little predictive value for downslope windstorms.



These findings should not be interpreted as implying that upstream conditions used by forecasters and stated in textbooks such as [10] are questionable. Rather, a single sounding at a fixed upstream location may not capture the relevant upstream conditions at the right time and place for specific mountain ranges. Given the non-linear nature of downslope windstorms, rotors, etc., upstream conditions at one time are not sufficient to predict them deterministically, as shown in [49,50]. Coarse-resolution operational weather prediction model output can be used to indicate general probabilities, but a more accurate (albeit computationally still prohibitively expensive) approach is to run an ensemble of simulations of sufficient resolution to resolve these phenomena. A 1-km resolution appears sufficient, at least in the case examined here.




6. Conclusions


This study describes a turbulent downslope wind storm and rotor event observed on 11–12 January 2013 in the lee of the MBM in southeastern Wyoming. The UWKA research aircraft made four passes along the low-level wind across the mountain during a five-hour period. The airborne measurements include a profiling radar able to map vertical and along-track wind in a vertical transect below flight level at a very fine resolution (~30 m). This case was numerically simulated using WRF at a resolution of 1 km. The following are the main findings:

	
Even though the simulated vertical profiles of wind and stability departed somewhat from observed ones just upwind of the mountain range, with no critical level in the simulated wind profile, the model did produce supercritical wind in the lee, followed by a strong updraft flanked by counter-rotating vortices. This updraft had the appearance of a hydraulic jump and was followed by a decaying series of trapped lee waves. Intense turbulence was simulated near the plunging jet and the wave breaking area surrounding the hydraulic jump.



	
WCR observations reveal persistent, intense cross-crest acceleration of the low-level flow, a plunging leeside jet separating from the boundary layer some 25 km downwind of the crest to produce a deep hydraulic jump (with updrafts up to 10 m·s−1) flanked by counter-rotating vortices, and (at least in one transect) a shallow rotor with reverse flow near the surface.



	
Flight-level and WCR observations indicate persistent moderate to severe turbulence in the vicinity of the plunging jet and the wave breaking area.



	
Upstream conditions were generally conducive to downslope windstorm formation, at least early on, before flight measurements. During the flight the critical level and the suitable stratification (more stable below, less stable above mountaintop) vanished upwind, suggesting that a self-induced critical level may have sustained the downslope windstorm.



	
A sampling of 19 other winter storms over the same mountain range suggests that the predictability of downslope windstorms based on coincident upstream conditions alone is poor.
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