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Abstract 

Large, rapid, and intermittent changes in wind direction were commonly observed in low wind 

speed conditions in the very stable boundary layer during the Project Sagebrush Phase 2 field 

tracer study. This paper investigates the occurrence and magnitude of these wind direction 

changes in the very stable boundary layer and explores their associated meteorological factors. 

The evidence indicates that these wind direction changes are largely restricted to near surface 

wind speeds less than 1.5 m s-1 and are associated with momentum and sensible heat fluxes 

approaching zero in low wind shear conditions. This results in complete vertical decoupling. 

They are only weakly dependent on the magnitude of turbulence. The magnitude of the wind 

direction changes is greatest near the surface and decreases upward. 

1. Introduction 

Dispersion models normally assume plumes are most narrow in the stable boundary layer, 

consistent with the idea that the horizontal plume spread, σy, is directly related to the typically 

smaller standard deviation σθ of the wind direction. This plume behavior was found to be the 

case during the classical Project Prairie Grass experiments (Barad 1958a ,b) and a number of 

subsequent studies (Slade 1968). These results were widely accepted at the time (e.g., Gifford 

1961; Turner 1970) and are still featured in EPA guidance documents (EPA 2000) and embedded 

in the implementation of traditional stability class Gaussian plume models. 

There is increasing awareness, however, that observed plumes in stable conditions are often 

much wider than would be expected if σθ is the dominant parameter determining plume width, 

especially in the very stable boundary layer (vSBL) (Mortarini et al. 2016a). Experiments in the 
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vSBL in the 1970s found that plumes generally subtended more than 90o of arc with plumes 

occasionally being measured across essentially a full 360o over the course of a one-hour 

averaging period (Sagendorf and Dickson, 1974). This study is still a benchmark for plume 

dispersion in the vSBL in low wind conditions (Luhar and Hurley 2012). However, these 

measurements did not provide any finer temporal resolution on what happened during the one-

hour measurement period. 

Recent tracer experiments in the vSBL with low wind speed (U) found small σθ on time scales of 

10-min or less that were comparable to classical results such as Project Prairie Grass (Finn et al. 

2017; Finn et al submitted). However, the measured horizontal plume spreads were much larger 

than Project Prairie Grass, usually much greater than 90o. This was reminiscent of the Sagendorf 

and Dickson (1974) results and much larger than the small measured 10-min σθ would suggest. 

Finn et al. (submitted) found that plumes often traveled in a relatively steady direction in these 

conditions for up to about one-half hour and then abruptly shifted several tens to over 100 

degrees on time scales of 10-min or less. The resolution of the tracer measurements prohibited 

any finer breakdown of the timescales of the plume shifts. Hiscox et al. (2010) observed similar 

phenomena in lidar measurements of smoke plumes. 

Other investigations of turbulence and meander at low U in the vSBL report complementary 

findings (Sun et al. 2012; Mortarini et al. 2016a, b). Sun et al. (2012) show examples where wind 

directions were relatively constant over periods of 10-20 min up to more than an hour but 

punctuated by large shifts in excess of 100o over short time intervals, sometimes less than 1-2 

min. Mortarini et al. (2016a) show examples where the wind direction was never steady for 
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periods greater than a few minutes and exhibited nearly continuous oscillatory behavior. The 

wind direction changes were commonly 100-200o in magnitude and, again, often occurred in less 

than 1-2 min. All of these results call into question the presumed linkage between narrow plumes 

and minimal σθ in the vSBL. They also highlight the large, rapid, and intermittent nature of these 

changes in wind direction in the vSBL. The changes can be oscillatory and quasi-periodic but 

can also be very irregular and intermittent without a discernible pattern. 

Some newer plume models attempt to account for the observations of much broader horizontal 

plume spreads in light winds in the stable boundary layer (e.g., Cimorelli et al. 2004, 2005; 

Anfossi et al. 2006; Luhar 2013). Venkatram et al. (2013) attempt to model this situation by 

weighting plume dispersion between a random state and a Gaussian distribution. However, this is 

an inherently difficult problem and there is little guidance available for how the details of the 

observed rapid, episodic plume shifts might be captured. 

This paper will examine the occurrence of these rapid, intermittent shifts in wind direction in the 

vSBL at low U with emphasis on their magnitude and triggering mechanisms. The intent is to 

provide additional information that can be used for improving the modeling of plume dispersion 

in these conditions. It expands on the efforts by Mahrt (2007, 2008) and Mortarini et al. (2016a, 

b) for investigating and quantifying this phenomenon using a new vSBL dataset and a 

methodology focused on the changes in wind direction. 

2. Methodology 
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The data used for this analysis were collected during October, 2016 as part of Phase 2 of Project 

Sagebrush (PSB2), a field tracer study of plume dispersion in low U conditions conducted at the 

Idaho National Laboratory (INL) (Finn et al. 2017; Finn et al. submitted). Nine nocturnal periods 

featuring the common presence of vSBL conditions were selected as case studies. Continuous 

periods were selected that were dominated by a combination of high bulk Richardson number 

Rib, high Brunt-Vӓisӓlӓ frequencies N, low U, and large magnitude negative net radiation (Rn). 

Ten-minute average Rib and N were calculated using temperature and cup anemometer wind 

speed measurements from measurements at the 2 and 10 m levels of the 62 m Grid 3 tower 

(GRI). This was one of the primary towers used during Project Sagebrush and is also part of a 

permanent observation network (Clawson et al. 2007). The summary of these nine periods is 

shown in Table 1. 

The terrain is generally open and flat with a grass and sagebrush canopy. Median roughness 

lengths zo of 3 and 3.8 cm have been estimated for southwest and northeast winds, respectively.  

Comprehensive descriptions of all the measurements in PSB2 can be found in Finn et al. (2015, 

2016, 2017). 

Two sets of sonic anemometer data were utilized in the analysis. The Field Research Division of 

NOAA fielded six R.M. Young Ultrasonic 81000 anemometers at the 2, 3.7, 9, 16.5, 30 and 60 

m levels on the Grid 3 tower. Washington State University (WSU) deployed five CSAT3 and 

CSAT3B anemometers arrayed horizontally across the study area at about 3 m agl, two of which 

were collocated with IRGA sensors. The raw data were collected at 10 Hz but for this analysis 

they were averaged to generate 1-s averages of U, vertical velocity w, and temperature, and 
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where available, pressure. Two minute averaging intervals were used to calculate: the 

momentum fluxes (u’w’ and v’w’), sensible heat flux (w’T’), turbulent kinetic energy (TKE), the 

standard deviations of W (σw) and temperature (σT), and the wind shear between levels on the 

tower (du/dz, dv/dz). Lower case u, v, and w represent the vector components of wind speed. The 

key measurement for this analysis is the change in degrees of wind direction between 2-min 

averaging intervals (∆WD). The maximum ∆WD was fixed at 180o even if the wind direction 

rotated through more than 180o in the 2-min interval. For example, if the wind direction rotated 

counterclockwise from 300o to 40o this was calculated as a 100o ∆WD. An ASC minisodar 

located 1 km northeast of the tower measured 10-min average wind profiles from 30 m up to 200 

m agl at 10 m intervals. 

3. Results 

Table 1 summarizes the times and some aspects of the meteorology for the selected nighttime 

periods. The listed starting date and time is always in the evening after sundown and the end time 

is always given for the following morning prior to sunrise. The net radiation (Rn) is based on the 

averages of 1-h values covering the listed period. The Brunt-Vӓisӓlӓ frequencies (N) represent 

averages based on individual 10-min values. It is apparent from the N and Rn averages that the 

selected periods were generally very stable for extended periods of time. Following Mahrt 

(2007), Vmeso and RVmeso were calculated for each period shown in Table 1 for a 1-h averaging 

period with 1-min subrecords. Vmeso and RVmeso are velocity scales that represent the strength of 

mesoscale flow. The results in Table 1 are similar in magnitude to those reported for CASES-99. 
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Start 
Date 

Start 
(MST) 

End 
(MST) 

N (s-1) 
(2,10 m) 

Rn 
(W m-2) 

Avg. 
Vmeso 

(m s-1) 

Vmeso 

S.D. 
(m s-1) 

Avg. 
RVmeso 

8-Oct 1900 0700 0.129 -61.0 0.54 0.21 0.84 
11-Oct 2300 0700 0.108 -73.6 0.42 0.15 0.40 
12-Oct 1900 0700 0.091 -60.2 0.47 0.19 0.73 
19-Oct 1900 0700 0.081 -63.4 0.45 0.19 0.50 
20-Oct 1900 0700 0.105 -58.1 0.43 0.11 0.83 
21-Oct 1900 0700 0.105 -54.2 0.49 0.12 0.60 
23-Oct 1900 0700 0.096 -43.3 0.54 0.14 0.66 
25-Oct 1900 0700 0.070 -45.8 0.46 0.16 0.88 
26-Oct 2130 0530 0.093 -51.4 0.45 0.18 1.30 

145 

146  Table 1. Summary of dates, times, and average N and Rn for the nighttime cases selected. The 
147  Vmeso and RVmeso results at 2 m a.g.l. are hourly averages for the complete time periods shown 
148  following Mahrt (2007). 
149 

150  Unless denoted otherwise, the times shown in plots represent 1900 MST as hour zero then past 

151  midnight to 0700 MST the next morning which is represented as hour 12. Dates have been 

152  assigned based on the starting date of the complete 12-h period beginning the evening of the 

153  starting date and finishing the morning of the next day. 

154 

155  Figure 1 shows an example 1-s wind direction time series from the October 23 case (October 24, 

156  0300-0700 MST). This illustrates how wind direction changes can be very large and abrupt in 

157  these conditions. Similar to the examples shown in Sun et al. (2012) and Mortarini et al. (2016a), 

158  there is strong oscillatory behavior with large, abrupt changes in wind direction. 

159 

160  Figure 2 shows the large Rib and N for the nine cases selected and highlights their generally 

161  strongly stable nature. Figure 3 shows the 2-min ∆WD as a function of U at 2 m agl for all time 

162  periods encompassed in Table 1. It is clear that the overall U were generally < 2 m s-1 and 

163  heavily weighted toward U < 1.5 m s-1. Furthermore, almost all of the large ∆WD had U < 1.5 m 

s-1164  . 
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165 

166 
167  Figure 1. Example 1-s wind direction time series. The wind directions have been rotated from 0 
168  to 360o coordinates to -180o to +180o to minimize frequent wrapping through true north. 

170  Figure 2. Ten-minute average (a) bulk Richardson number (Rib) and (b) Brunt-Vӓisӓlӓ frequency 
171  (N) for all times used. The starting October dates are indicated in the legend. 

169 
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Figure 3. Two-minute ∆WD as a function of U at 2 m a.g.l. for all times used. 

3.1 Effects of turbulence and turbulent fluxes on ∆WD 

Figure 4 summarizes the ∆WD results as a function of the sensible heat and momentum fluxes 

for all the 2-min periods of Table 1 at four heights on the tower. A salient feature of these plots is 

how the large ∆WD were, with relatively few exceptions, associated with sensible heat and 

momentum fluxes near zero. This was true for all levels shown and was especially the case for 

the momentum fluxes. Large wind shifts therefore appear to be keyed to times with limited 

vertical transport by turbulence. The aggregate data from the 3 m agl WSU surface array showed 

very similar patterns. Trini Castelli et al. (2014) observed that the friction velocities and sensible 

heat fluxes were very small for a suburban site at low U in the SBL. 
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184 

185  Figure 4. ∆WD results as a function of the sensible heat and momentum fluxes for all the 2-min 
186  periods of Table 1 at four heights on the tower. 
187  Similarly, Fig. 5 summarizes the ∆WD results as a function of σw, √TKE, and σT for all of the 2-

188  min periods. It is clear that increases in ∆WD tended to be associated with low turbulence with 

189  ∆WD decreasing as these measures of turbulence increased. Again, the WSU results were 

190  similar. 
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191 

192  Figure 5. ∆WD results as a function of σw, √TKE, and σT for all of the 2-min periods included in 
193  Table 1. 
194 

195  Results from a subset of the study days will now be shown to provide some details on how ∆WD 

196  is affected by factors such as U, height, wind shear, and the presence or absence of low-level jets 

197  (LLJ). Extended periods of time from the October 8, 19, 20, 23, and 26 cases are shown in Figs. 

198  6-10, respectively. 
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3.2 Effects of U and height on ∆WD 

One of the most salient features of the data is the not unexpected association between low U and 

increases in ∆WD. This could be extended over periods of time (e.g., Figs. 6, 8, 9, 10) or to more 

restricted episodes (e.g. hour 6.3, Fig. 7; hours 3.7 and 8.1, Fig. 9). In a separate analysis it was 

found that periods exhibiting sustained periods of wind direction change in mainly one direction 

of rotation could be combined to form more or less continuous periods up to a half hour or more 

where the net change in one direction of rotation was much larger than the individual 2-min 

changes (up to 540o total). The association between low U and ∆WD is consistent with the 

results shown in Fig. 3. Thus, low U is a proximate cause of increased ∆WD. 

Another prominent feature of the data is that the magnitude of ∆WD is related to height (Figs. 6-

10, parts (b)). In most cases, large ∆WD were restricted to 16.5 m and below and sometimes only 

involving the 2 and 3.7 m heights. Figures 8 and 9 show especially limited ∆WD above 9 m. 

Figure 11 summarizes this dependency on height. The frequency of ∆WD magnitudes are binned 

in 5o increments and shown as a function of (a) GRI measurement height or (b) surface location. 

The surface stations had ∆WD between 0 and 5o about 40% of the time with the fraction in this 

bin increasing upward to over 70% at 60 m agl. Less than 10% of the ∆WD at heights above 30 

m were > 10o. In contrast, the fraction at surface levels decreased much more slowly and 

exhibited a distinct increase to 5-8% for ∆WD > 40o. 
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219 

220  Figure 6. GRI tower October 8: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10o offsets for 
221  successive heights beginning at 3.7 m) and 10-min LLJ (height and Umax); and (c) 1-s vertical 
222  velocity w. ∆WD and w traces for adjacent heights are offset for clarity by 10o and 0.4 m s-1, 
223  respectively. Hour is time from 1900 MST reference. 
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 224 

225  Figure 7. GRI tower October 19 with same caption as Fig. 6. 
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226 

227 

228  Figure 8. GRI tower October 20: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10o offsets for 
229  successive heights beginning at 3.7 m) (no LLJ); (c) 1-s vertical velocity W; and (d) 1-sec 
230  vertical velocity w measured across surface array. ∆WD and w traces for adjacent heights are 
231  offset for clarity by 10o and 0.4 m s-1, respectively. Hour is time from 1900 MST reference. 
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 232 

233  Figure 9. GRI tower October 23 with same caption as Fig. 6. 
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234 

235  Figure 10. GRI tower October 26 with same caption as Fig. 6. 
236 
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237 

238  Figure 11. Fraction of 2-min ∆WD changes binned in 5o intervals by (a) height on the GRI tower 
239  and (b) the surface array. 
240 

241  3.3 Effect of wind shear on ∆WD 

242  The data also point to the role of wind shear in whether or not large ∆WD developed. It is 

243  apparent in Figs. 6-10 that Rib was often very large. Periods with high Rib were more likely to be 

244  associated with periods of larger ∆WD (e.g., Figs. 6, 9, 10) and lower Rib were more likely to be 

245  associated with lower ∆WD (e.g., Figs. 7, 9, 10). This was generally the case although there were 

246  exceptions (e.g., Fig. 6, hour 9). While steep temperature gradients contributed to the large Rib, a 

247  major reason for the large Rib was the often small differences in wind speed between heights 

248  resulting in small denominators. As such Rib is a proxy for wind shear with lower Rib indicating 
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249  that vertical wind shear tended to suppress ∆WD and the minimization of wind shear (higher Rib) 

250  tended to promote larger ∆WD. In some instances the wind speed differences in the denominator 

251  were zero resulting in occasional missing values for Rib (e.g., Figs. 6, 8, 10). 

252 

253  An example of this from October 23 is shown in Fig. 12. This shows the component du/dz and 

254  dv/dz wind shears between the 2 and 9, 9 and 16.5, and 16.5 and 30 m heights on the tower. The 

255  magnitudes of the wind shears were generally > 0.1 s-1 until about hour 9. Comparing this result 

256  with Fig. 9 it can be seen that this was when the vertical gradient in U began to decrease and 

257  ∆WD began to increase. Figure 13 aggregates the du/dz and dv/dz for two levels (2 and 9, 9 and 

258  16.5 m) for all of the data in the analysis. While there are exceptions, the majority of the large 

259  ∆WD were within ± 0.1 s-1. Levels at 9 m and below had the maximum magnitudes and 

260  variability in shear. 

261 

262  Figure 12. Vertical wind shears du/dz and dv/dz over the 2 to 9, 9 to 16.5, and 16.5 to 30 m 
263  intervals on October 23. 
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264 
265  Figure 13. 2-min ∆WD for the aggregated du/dz and dv/dz wind shears for all time periods 
266  included in the analysis for the (a) 2 to 9 and (b) 9 to 16.5 m intervals. 
267 

268  3.4 Relationship of LLJ and W to ∆WD 

269  The presence of LLJ tended to promote wind shear and suppress ∆WD. In Figs. 6-10, parts (b), 

270  the heights of where the U maxima in LLJ profiles were identified are designated by black ‘x’. 

271  The U maxima associated with each height are designated with red ‘+’. Most of jet profiles were 

272  identified in the sodar data although some weak jet profiles were identified in the sonic data from 

273  the tower. All of the test cases shown except October 20 (Fig. 8) had one or more periods where 

274  an LLJ was identified. It was not uncommon for the LLJ to intensify with the nose (maximum) 

275  lifting in height over an interval of time before dissipating (e.g., Figs. 7, 9). 
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Parts (c) of Figs. 6-10 indicate that periods with maximum ∆WD activity tended to be associated 

with relatively quiescent periods of 1-s W. Figure 8(d) shows that this relative quiescence in W 

was also a feature present across the surface array, not just on the tower. 

In contrast, the presence of LLJ was often associated with an increase in W (e.g., Fig. 10, hour 7-

12). There are examples where a disturbance in W initiated at 60 m was successively transmitted 

downward to lower levels, gradually dissipating along the way (Fig. 6, hours 6.5, 8.5). This was 

in association with LLJ at about 100 m agl. In Fig. 10 it appears as if levels at 30 m and below 

were affected by the onset of the LLJ with a nose at 50 m agl at about hour 8 with the 60 m level 

relatively unaffected. By hour 10 when the nose of the LLJ had lifted to over 100 m, W at the 60 

m level was maximally affected along the underside of the jet with the effect decreasing 

downward. Other times the maximal activity in W was mainly at lower levels on the tower even 

in the presence of LLJ (e.g., Figs. 9, 10). 

Many turbulence profiles on GRI showed localized peaks, sometimes in association with wind 

direction changes between heights (not shown). These peaks were mainly isolated at the 

intermediate tower levels (9, 16.5, and 30 m). Thus vertical shear was sometimes augmented by 

lateral directional shear. 

3.5 Potential role of gravity waves and other periodic influences on ∆WD 

There was little conclusive evidence for a direct causal association between periodic influences 

and ∆WD. Pressure measurements made at the WSU IRGA sensors as well as some of the 1-s 
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time series of U often suggested the presence of gravity waves with rapid oscillations. 

Nevertheless, these rapid oscillations could occur with or without corresponding increases in 

∆WD and with or without the potential influence of LLJ. Some results from October 23 will be 

highlighted to illustrate a few of the potential interactions. 

Figure 14 shows time series of 2-min average σw and 1-s pressure on October 23. An 

approximate 1.4 h periodicity in σw (and TKE) can be seen with peaks at about 4.7, 6.1, 7.5, and 

perhaps 9 h. The maxima in σw are approximately coincident with local minima in pressure, and 

vice versa. By reference to Fig. 9a these maxima in σw are also approximately coincident with 

maxima in U. However, there is little in the way of increased ∆WD associated with this (Fig. 

9b). Note the higher values of σw at station ST2, a site that often featured the highest 

observations of turbulence among the surface stations. It was proximal to a slight upstream 

terrain undulation. 

On the other hand, Fig. 14 shows a distinct increase in rapid pressure oscillations beginning 

about hour 10 corresponding to a decrease in U at the surface at hour 9 with the onset of rapid 

oscillations (Fig. 9a). In this case there appears to be some correspondence between rapid 

oscillations and increases in ∆WD. Nevertheless, the association might be keyed to the low U 

rather than the oscillations. 
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319 

320  Figure 14. Time series of (a) 2-min average σw and (b) 1-s pressure at surface stations, October 
321  23. 
322 

323  4. Discussion 

324  Large and rapid wind direction changes are clearly a common feature in the low U vSBL. The 

325  changes can be oscillatory and quasi-periodic with meandering time scales ranging from as little 

326  as 5-10 minutes (Mortarini et al. 2016a) up to about a half-hour or more (Hanna 1983; Sun et al. 

327  2012; Mortarini and Anfossi 2015; Mortarini et al. 2016b; Finn et al. submitted). The changes 

328  can also be intermittent and highly irregular and unpredictable (Mahrt 2007, 2008). They can 

329  alternate unpredictably between periods featuring relative stationarity, periods with regular 

330  oscillatory behavior, and periods dominated by very irregular intermittency.  

331 
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Previous work by Mahrt (2007, 2008) linked wind meander in the nocturnal boundary layer to 

the strength of mesoscale motions arising from various sources during weak large-scale flows. 

He found that a ratio of the strength of the mesoscale flow relative to the vector average wind 

could vary significantly and that large values of this ratio were associated with large standard 

deviations in wind direction. The variability of this measure was largely unpredictable but 

appeared to be stronger in more complex terrain and exhibited some correspondence with large 

vertical shear of wind direction. 

Sun et al (2015) described potential mechanisms involving the interactions between waves and 

turbulence that could contribute to large, abrupt wind direction changes. Sun et al. (2012) have 

proposed a 3-regime nocturnal turbulence scheme that partly addresses the wind direction 

observations. In regime 1, U is less than a critical threshold value, turbulence is very weak, and 

wind directions are more prone to oscillatory behavior. The threshold value is near 1.5 m s-1 near 

the surface and increases with height. In regime 2, U is greater than the threshold and wind 

direction oscillations are suppressed. Variations in U back and forth below and above the 

threshold could trigger or suppress, respectively, large changes in wind direction in an irregular 

manner (their transition A). Much of the data included in the present analysis would be assigned 

to their regime 1. 

Oettl et al. (2005) and Goulart et al. (2007) suggest meandering is a special case of the Navier-

Stokes equation at low U in which “equilibrium between Coriolis force and pressure gradient 

generates a solution that shows oscillatory characteristics”. Thus an increase in the horizontal 

pressure gradient inhibits meandering. Other work has found that the frequency of meander or 
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near meander increased with a decrease in U or increase in stability based upon the ratio between 

a parameter for the large scale meandering time scale and a parameter for the small scale 

turbulence time scale at U < 1.5 m s-1 (Mortarini et al. 2016a, b). 

The present work suggests that most of the rapid, irregular changes in wind direction occur over 

short periods, often just a few minutes long. These are triggered by the collapse of the turbulent 

fluxes resulting in complete vertical decoupling. There are several potential mechanisms that 

could sustain the intermittent turbulent fluxes and mixing and, consequently, coupling (Mahrt 

2014; Sun et al. 2015; Mortarini et al. 2016a; Lan et al. 2018). Failing that, any turbulent eddies 

generated are localized and have small enough vertical scales such that they do not interact with 

the surface (Mortarini et al. 2016a; Lan et al. 2018). This has consequences on the validity of 

MOST in these conditions (Hicks et al. 2014; Liang et al. 2014; Trini Castelli et al. 2014; Lan et 

al. 2018). 

These periods of rapid, irregular wind direction change can be sustained over longer periods and 

rotate through more than 360o. This work also supports a near surface value U ≈ 1.5 m s-1 as a 

critical threshold value. It is likely that the irregular, intermittent regime is a common state of the 

vSBL (U at 2m < 1.5 m s-1) with respect to wind direction changes in the absence of some 

forcing mechanism that imposes some sort of periodicity. Lan et al (submitted) also found the 

threshold velocity has a height dependency with a value of about 1.6 m s-1 near the surface. 

Consistent with the results reported here, they identified a layer near surface where large wind 

direction changes were frequent but with relatively constant wind directions above. 
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378  5. Conclusions 

379  This paper investigated the occurrence and magnitude of rapid, intermittent wind direction 

380  changes in the very stable boundary layer. The evidence indicates that these large wind direction 

381  changes are largely restricted to near surface wind speeds less than 1.5 m s-1 when momentum 

382  and sensible heat fluxes approach zero in low wind shear conditions. The magnitude of the wind 

383  direction changes is greatest near the surface and generally decreases rapidly upward. The 

384  presence of LLJ suppresses the incidence of these wind direction changes. The large wind 

385  direction changes occur mainly in weakly turbulent conditions but are otherwise largely 

386  independent of the magnitude of turbulence. The evidence was inconclusive to support gravity 

387  waves or other periodic behavior as an important triggering mechanism for the rapid, intermittent 

388  wind direction changes. 
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Figure 5. ∆WD results as a function of σw, √TKE, and σT for all of the 2-min periods included in 
541  Table 1. 
542 

543  Figure 6. GRI tower October 8: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10o offsets for 
544  successive heights beginning at 3.7 m) and 10-min LLJ (height and Umax); and (c) 1-s vertical 

velocity W. ∆WD and W traces for adjacent heights are offset for clarity by 10o and 0.4 m s-1, 
546  respectively. Hour is time from 1900 MST reference. 
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548  Figure 7. GRI tower October 19 with same caption as Fig. 6. 
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Figure 8. GRI tower October 20: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10o offsets for 
551  successive heights beginning at 3.7 m) (no LLJ); (c) 1-s vertical velocity W; and (d) 1-sec 
552  vertical velocity W measured across surface array. ∆WD and W traces for adjacent heights are 
553  offset for clarity by 10o and 0.4 m s-1, respectively. Hour is time from 1900 MST reference. 
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Figure 9. GRI tower October 23 with same caption as Fig. 6. 
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557  Figure 10. GRI tower October 26 with same caption as Fig. 6. 
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559  Figure 11. Fraction of 2-min ∆WD changes binned in 5o intervals by (a) height on the GRI tower 
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562  Figure 12. Vertical wind shears du/dz and dv/dz over the 2 to 9, 9 to 16.5, and 16.5 to 30 m 
563  intervals on October 23. 
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Figure 13. 2-min ∆WD for the aggregated du/dz and dv/dz wind shears for all time periods 
566  included in the analysis for the (a) 2 to 9 and (b) 9 to 16.5 m intervals. 
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568  Figure 14. Time series of (a) 2-min average σw and (b) 1-s pressure at surface stations, October 
569  23. 
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	Abstract 
	Abstract 
	Large, rapid, and intermittent changes in wind direction were commonly observed in low wind speed conditions in the very stable boundary layer during the Project Sagebrush Phase 2 field tracer study. This paper investigates the occurrence and magnitude of these wind direction changes in the very stable boundary layer and explores their associated meteorological factors. The evidence indicates that these wind direction changes are largely restricted to near surface wind speeds less than 1.5 m s and are assoc
	-1

	1. Introduction Dispersion models normally assume plumes are most narrow in the stable boundary layer, σy, is directly related to the typically σθ of the wind direction. This plume behavior was found to be the case during the classical Project Prairie Grass experiments (Barad 1958a ,b) and a number of subsequent studies (Slade 1968). These results were widely accepted at the time (e.g., Gifford 1961; Turner 1970) and are still featured in EPA guidance documents (EPA 2000) and embedded in the implementation 
	consistent with the idea that the horizontal plume spread, 
	smaller standard deviation 

	There is increasing awareness, however, that observed plumes in stable conditions are often σθ is the dominant parameter determining plume width, especially in the very stable boundary layer (vSBL) (Mortarini et al. 2016a). Experiments in the 
	much wider than would be expected if 

	vSBL in the 1970s found that plumes generally subtended more than 90 of arc with plumes 
	o

	occasionally being measured across essentially a full 360 over the course of a one-hour averaging period (Sagendorf and Dickson, 1974). This study is still a benchmark for plume dispersion in the vSBL in low wind conditions (Luhar and Hurley 2012). However, these measurements did not provide any finer temporal resolution on what happened during the one-hour measurement period. 
	o

	Uσθ on time scales of 10-min or less that were comparable to classical results such as Project Prairie Grass (Finn et al. 2017; Finn et al submitted). However, the measured horizontal plume spreads were much larger than Project Prairie Grass, usually much greater than 90. This was reminiscent of the Sagendorf σθ would suggest. Finn et al. (submitted) found that plumes often traveled in a relatively steady direction in these conditions for up to about one-half hour and then abruptly shifted several tens to o
	Recent tracer experiments in the vSBL with low wind speed (
	) found small 
	o
	and Dickson (1974) results and much larger than the small measured 10-min 

	Other investigations of turbulence and meander at low U in the vSBL report complementary findings (Sun et al. 2012; Mortarini et al. 2016a, b). Sun et al. (2012) show examples where wind directions were relatively constant over periods of 10-20 min up to more than an hour but punctuated by large shifts in excess of 100 over short time intervals, sometimes less than 1-2 min. Mortarini et al. (2016a) show examples where the wind direction was never steady for 
	o

	periods greater than a few minutes and exhibited nearly continuous oscillatory behavior. The 
	wind direction changes were commonly 100-200 in magnitude and, again, often occurred in less than 1-2 min. All of these results call into question the presumed linkage between narrow plumes σθ in the vSBL. They also highlight the large, rapid, and intermittent nature of these changes in wind direction in the vSBL. The changes can be oscillatory and quasi-periodic but can also be very irregular and intermittent without a discernible pattern. 
	o
	and minimal 

	Some newer plume models attempt to account for the observations of much broader horizontal plume spreads in light winds in the stable boundary layer (e.g., Cimorelli et al. 2004, 2005; Anfossi et al. 2006; Luhar 2013). Venkatram et al. (2013) attempt to model this situation by weighting plume dispersion between a random state and a Gaussian distribution. However, this is an inherently difficult problem and there is little guidance available for how the details of the observed rapid, episodic plume shifts mi
	This paper will examine the occurrence of these rapid, intermittent shifts in wind direction in the vSBL at low U with emphasis on their magnitude and triggering mechanisms. The intent is to provide additional information that can be used for improving the modeling of plume dispersion in these conditions. It expands on the efforts by Mahrt (2007, 2008) and Mortarini et al. (2016a, 
	b) for investigating and quantifying this phenomenon using a new vSBL dataset and a methodology focused on the changes in wind direction. 
	2. Methodology 
	2. Methodology 
	The data used for this analysis were collected during October, 2016 as part of Phase 2 of Project 
	Sagebrush (PSB2), a field tracer study of plume dispersion in low U conditions conducted at the Idaho National Laboratory (INL) (Finn et al. 2017; Finn et al. submitted). Nine nocturnal periods featuring the common presence of vSBL conditions were selected as case studies. Continuous periods were selected that were dominated by a combination of high bulk Richardson number Rib, high Brunt-Vӓisӓlӓ frequencies N, low U, and large magnitude negative net radiation (Rn). Rib and N were calculated using temperatur
	Ten-minute average 

	The terrain is generally open and flat with a grass and sagebrush canopy. Median roughness zo of 3 and 3.8 cm have been estimated for southwest and northeast winds, respectively.  Comprehensive descriptions of all the measurements in PSB2 can be found in Finn et al. (2015, 2016, 2017). 
	lengths 

	Two sets of sonic anemometer data were utilized in the analysis. The Field Research Division of NOAA fielded six R.M. Young Ultrasonic 81000 anemometers at the 2, 3.7, 9, 16.5, 30 and 60 m levels on the Grid 3 tower. Washington State University (WSU) deployed five CSAT3 and CSAT3B anemometers arrayed horizontally across the study area at about 3 m agl, two of which were collocated with IRGA sensors. The raw data were collected at 10 Hz but for this analysis they were averaged to generate 1-s averages of U, 
	where available, pressure. Two minute averaging intervals were used to calculate: the momentum fluxes (u’w’ and v’w’), sensible heat flux (w’T’), turbulent kinetic energy (TKE), the σw) and temperature (σT), and the wind shear between levels on the tower (du/dz, dv/dz). Lower case u, v, and w represent the vector components of wind speed. The key measurement for this analysis is the change in degrees of wind direction between 2-min averaging intervals (∆WD). The maximum ∆WD was fixed at 180 even if the wind
	standard deviations of W (
	o
	o
	o
	o
	o

	3. Results Table 1 summarizes the times and some aspects of the meteorology for the selected nighttime periods. The listed starting date and time is always in the evening after sundown and the end time is always given for the following morning prior to sunrise. The net radiation (Rn) is based on the averages of 1-h values covering the listed period. The Brunt-Vӓisӓlӓ frequencies (N) represent averages based on individual 10-min values. It is apparent from the N and Rn averages that the selected periods were
	(2007), 
	period with 1-min subrecords. 

	Start Date 
	Start Date 
	Start Date 
	Start (MST) 
	End (MST) 
	N (s-1) (2,10 m) 
	Rn (W m-2) 
	Avg. Vmeso (m s-1) 
	Vmeso S.D. (m s-1) 
	Avg. RVmeso 

	8-Oct 
	8-Oct 
	1900 
	0700 
	0.129 
	-61.0 
	0.54 
	0.21 
	0.84 

	11-Oct 
	11-Oct 
	2300 
	0700 
	0.108 
	-73.6 
	0.42 
	0.15 
	0.40 

	12-Oct 
	12-Oct 
	1900 
	0700 
	0.091 
	-60.2 
	0.47 
	0.19 
	0.73 

	19-Oct 
	19-Oct 
	1900 
	0700 
	0.081 
	-63.4 
	0.45 
	0.19 
	0.50 

	20-Oct 
	20-Oct 
	1900 
	0700 
	0.105 
	-58.1 
	0.43 
	0.11 
	0.83 

	21-Oct 
	21-Oct 
	1900 
	0700 
	0.105 
	-54.2 
	0.49 
	0.12 
	0.60 

	23-Oct 
	23-Oct 
	1900 
	0700 
	0.096 
	-43.3 
	0.54 
	0.14 
	0.66 

	25-Oct 
	25-Oct 
	1900 
	0700 
	0.070 
	-45.8 
	0.46 
	0.16 
	0.88 

	26-Oct 
	26-Oct 
	2130 
	0530 
	0.093 
	-51.4 
	0.45 
	0.18 
	1.30 


	145 146 Table 1. Summary of dates, times, and average N and Rn for the nighttime cases selected. The 147 Vmeso and RVmeso results at 2 m a.g.l. are hourly averages for the complete time periods shown 148 following Mahrt (2007). 149 150 Unless denoted otherwise, the times shown in plots represent 1900 MST as hour zero then past 
	151 midnight to 0700 MST the next morning which is represented as hour 12. Dates have been 152 assigned based on the starting date of the complete 12-h period beginning the evening of the 153 starting date and finishing the morning of the next day. 154 155 Figure 1 shows an example 1-s wind direction time series from the October 23 case (October 24, 156 0300-0700 MST). This illustrates how wind direction changes can be very large and abrupt in 157 these conditions. Similar to the examples shown in Sun et al
	-1
	-1

	-1
	s

	164 . 
	166 
	167 Figure 1. Example 1-s wind direction time series. The wind directions have been rotated from 0 168 to 360 coordinates to -180 to +180 to minimize frequent wrapping through true north. 
	o
	o
	o

	170 Figure 2. Ten-minute average (a) bulk Richardson number (Rib) and (b) Brunt-Vӓisӓlӓ frequency 171 (N) for all times used. The starting October dates are indicated in the legend. 
	169 
	Figure
	Figure 3. Two-minute ∆WD as a function of U at 2 m a.g.l. for all times used. 
	3.1 Effects of turbulence and turbulent fluxes on ∆WD Figure 4 summarizes the ∆WD results as a function of the sensible heat and momentum fluxes for all the 2-min periods of Table 1 at four heights on the tower. A salient feature of these plots is how the large ∆WD were, with relatively few exceptions, associated with sensible heat and momentum fluxes near zero. This was true for all levels shown and was especially the case for the momentum fluxes. Large wind shifts therefore appear to be keyed to times wit
	184 
	185 Figure 4. ∆WD results as a function of the sensible heat and momentum fluxes for all the 2-min 186 periods of Table 1 at four heights on the tower. 187 Similarly, Fig. 5 summarizes the ∆WD results as a function of σw, √TKE, and σT for all of the 2
	-

	188 min periods. It is clear that increases in ∆WD tended to be associated with low turbulence with 189 ∆WD decreasing as these measures of turbulence increased. Again, the WSU results were 190 similar. 
	191 
	192 Figure 5. ∆WD results as a function of σw, √TKE, and σT for all of the 2-min periods included in 193 Table 1. 194 
	195 Results from a subset of the study days will now be shown to provide some details on how ∆WD 196 is affected by factors such as U, height, wind shear, and the presence or absence of low-level jets 197 (LLJ). Extended periods of time from the October 8, 19, 20, 23, and 26 cases are shown in Figs. 198 6-10, respectively. 199 
	195 Results from a subset of the study days will now be shown to provide some details on how ∆WD 196 is affected by factors such as U, height, wind shear, and the presence or absence of low-level jets 197 (LLJ). Extended periods of time from the October 8, 19, 20, 23, and 26 cases are shown in Figs. 198 6-10, respectively. 199 
	3.2 Effects of U and height on ∆WD One of the most salient features of the data is the not unexpected association between low U and increases in ∆WD. This could be extended over periods of time (e.g., Figs. 6, 8, 9, 10) or to more restricted episodes (e.g. hour 6.3, Fig. 7; hours 3.7 and 8.1, Fig. 9). In a separate analysis it was found that periods exhibiting sustained periods of wind direction change in mainly one direction of rotation could be combined to form more or less continuous periods up to a half
	o


	Another prominent feature of the data is that the magnitude of ∆WD is related to height (Figs. 610, parts (b)). In most cases, large ∆WD were restricted to 16.5 m and below and sometimes only involving the 2 and 3.7 m heights. Figures 8 and 9 show especially limited ∆WD above 9 m. Figure 11 summarizes this dependency on height. The frequency of ∆WD magnitudes are binned in 5 increments and shown as a function of (a) GRI measurement height or (b) surface location. The surface stations had ∆WD between 0 and 5
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	219 
	220 Figure 6. GRI tower October 8: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10 offsets for 221 successive heights beginning at 3.7 m) and 10-min LLJ (height and Umax); and (c) 1-s vertical 222 velocity w. ∆WD and w traces for adjacent heights are offset for clarity by 10 and 0.4 m s, 223 respectively. Hour is time from 1900 MST reference. 
	o
	o
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	224 
	225 Figure 7. GRI tower October 19 with same caption as Fig. 6. 14 
	227 
	228 Figure 8. GRI tower October 20: (a) 1-s U and 10-min Rib; (b) 2-min ∆WD (-10 offsets for 229 successive heights beginning at 3.7 m) (no LLJ); (c) 1-s vertical velocity W; and (d) 1-sec 230 vertical velocity w measured across surface array. ∆WD and w traces for adjacent heights are 231 offset for clarity by 10 and 0.4 m s, respectively. Hour is time from 1900 MST reference. 
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	232 
	233 Figure 9. GRI tower October 23 with same caption as Fig. 6. 
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	235 
	Figure 10. GRI tower October 26 with same caption as Fig. 6. 
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	237 
	238 Figure 11. Fraction of 2-min ∆WD changes binned in 5 intervals by (a) height on the GRI tower 239 and (b) the surface array. 240 
	o

	241 3.3 Effect of wind shear on ∆WD 242 The data also point to the role of wind shear in whether or not large ∆WD developed. It is 243 apparent in Figs. 6-10 that Rib was often very large. Periods with high Rib were more likely to be 244 associated with periods of larger ∆WD (e.g., Figs. 6, 9, 10) and lower Rib were more likely to be 245 associated with lower ∆WD (e.g., Figs. 7, 9, 10). This was generally the case although there were 246 exceptions (e.g., Fig. 6, hour 9). While steep temperature gradients c
	249 that vertical wind shear tended to suppress ∆WD and the minimization of wind shear (higher Rib) 
	250 tended to promote larger ∆WD. In some instances the wind speed differences in the denominator 251 were zero resulting in occasional missing values for Rib (e.g., Figs. 6, 8, 10). 252 253 An example of this from October 23 is shown in Fig. 12. This shows the component du/dz and 254 dv/dz wind shears between the 2 and 9, 9 and 16.5, and 16.5 and 30 m heights on the tower. The 255 magnitudes of the wind shears were generally > 0.1 s until about hour 9. Comparing this result 256 with Fig. 9 it can be seen t
	-1
	-1

	261 
	262 Figure 12. Vertical wind shears du/dz and dv/dz over the 2 to 9, 9 to 16.5, and 16.5 to 30 m 263 intervals on October 23. 
	264 
	265 Figure 13. 2-min ∆WD for the aggregated du/dz and dv/dz wind shears for all time periods 266 included in the analysis for the (a) 2 to 9 and (b) 9 to 16.5 m intervals. 267 
	268 3.4 Relationship of LLJ and W to ∆WD 269 The presence of LLJ tended to promote wind shear and suppress ∆WD. In Figs. 6-10, parts (b), 270 the heights of where the U maxima in LLJ profiles were identified are designated by black ‘x’. 271 The U maxima associated with each height are designated with red ‘+’. Most of jet profiles were 272 identified in the sodar data although some weak jet profiles were identified in the sonic data from 273 the tower. All of the test cases shown except October 20 (Fig. 8) h
	Parts (c) of Figs. 6-10 indicate that periods with maximum ∆WD activity tended to be associated with relatively quiescent periods of 1-s W. Figure 8(d) shows that this relative quiescence in W was also a feature present across the surface array, not just on the tower. 
	In contrast, the presence of LLJ was often associated with an increase in W (e.g., Fig. 10, hour 712). There are examples where a disturbance in W initiated at 60 m was successively transmitted downward to lower levels, gradually dissipating along the way (Fig. 6, hours 6.5, 8.5). This was in association with LLJ at about 100 m agl. In Fig. 10 it appears as if levels at 30 m and below were affected by the onset of the LLJ with a nose at 50 m agl at about hour 8 with the 60 m level relatively unaffected. By 
	-

	Many turbulence profiles on GRI showed localized peaks, sometimes in association with wind direction changes between heights (not shown). These peaks were mainly isolated at the intermediate tower levels (9, 16.5, and 30 m). Thus vertical shear was sometimes augmented by lateral directional shear. 
	3.5 Potential role of gravity waves and other periodic influences on ∆WD There was little conclusive evidence for a direct causal association between periodic influences and ∆WD. Pressure measurements made at the WSU IRGA sensors as well as some of the 1-s 
	3.5 Potential role of gravity waves and other periodic influences on ∆WD There was little conclusive evidence for a direct causal association between periodic influences and ∆WD. Pressure measurements made at the WSU IRGA sensors as well as some of the 1-s 
	time series of U often suggested the presence of gravity waves with rapid oscillations. Nevertheless, these rapid oscillations could occur with or without corresponding increases in ∆WD and with or without the potential influence of LLJ. Some results from October 23 will be highlighted to illustrate a few of the potential interactions. 

	σw and 1-s pressure on October 23. An σw (and TKE) can be seen with peaks at about 4.7, 6.1, 7.5, and σw are approximately coincident with local minima in pressure, and σw are also approximately coincident with maxima in U. However, there is little in the way of increased ∆WD associated with this (Fig. σw at station ST2, a site that often featured the highest observations of turbulence among the surface stations. It was proximal to a slight upstream terrain undulation. 
	Figure 14 shows time series of 2-min average 
	approximate 1.4 h periodicity in 
	perhaps 9 h. The maxima in 
	vice versa. By reference to Fig. 9a these maxima in 
	9b). Note the higher values of 

	On the other hand, Fig. 14 shows a distinct increase in rapid pressure oscillations beginning about hour 10 corresponding to a decrease in U at the surface at hour 9 with the onset of rapid oscillations (Fig. 9a). In this case there appears to be some correspondence between rapid oscillations and increases in ∆WD. Nevertheless, the association might be keyed to the low U rather than the oscillations. 
	319 
	320 
	320 
	320 
	Figure 14. Time series of (a) 2-min average σw and (b) 1-s pressure at surface stations, October 

	321 
	321 
	23. 
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	323 
	4. 
	Discussion 

	324 
	324 
	Large and rapid wind direction changes are clearly a common feature in the low U vSBL. The 

	325 
	325 
	changes can be oscillatory and quasi-periodic with meandering time scales ranging from as little 

	326 
	326 
	as 5-10 minutes (Mortarini et al. 2016a) up to about a half-hour or more (Hanna 1983; Sun et al. 

	327 
	327 
	2012; Mortarini and Anfossi 2015; Mortarini et al. 2016b; Finn et al. submitted). The changes 

	328 
	328 
	can also be intermittent and highly irregular and unpredictable (Mahrt 2007, 2008). They can 

	329 
	329 
	alternate unpredictably between periods featuring relative stationarity, periods with regular 

	330 
	330 
	oscillatory behavior, and periods dominated by very irregular intermittency.  

	331 
	331 


	Previous work by Mahrt (2007, 2008) linked wind meander in the nocturnal boundary layer to 
	the strength of mesoscale motions arising from various sources during weak large-scale flows. He found that a ratio of the strength of the mesoscale flow relative to the vector average wind could vary significantly and that large values of this ratio were associated with large standard deviations in wind direction. The variability of this measure was largely unpredictable but appeared to be stronger in more complex terrain and exhibited some correspondence with large vertical shear of wind direction. 
	Sun et al (2015) described potential mechanisms involving the interactions between waves and turbulence that could contribute to large, abrupt wind direction changes. Sun et al. (2012) have proposed a 3-regime nocturnal turbulence scheme that partly addresses the wind direction observations. In regime 1, U is less than a critical threshold value, turbulence is very weak, and wind directions are more prone to oscillatory behavior. The threshold value is near 1.5 m s near the surface and increases with height
	-1

	Oettl et al. (2005) and Goulart et al. (2007) suggest meandering is a special case of the Navier-Stokes equation at low U in which “equilibrium between Coriolis force and pressure gradient generates a solution that shows oscillatory characteristics”. Thus an increase in the horizontal pressure gradient inhibits meandering. Other work has found that the frequency of meander or 
	near meander increased with a decrease in U or increase in stability based upon the ratio between 
	a parameter for the large scale meandering time scale and a parameter for the small scale turbulence time scale at U < 1.5 m s (Mortarini et al. 2016a, b). 
	-1

	The present work suggests that most of the rapid, irregular changes in wind direction occur over short periods, often just a few minutes long. These are triggered by the collapse of the turbulent fluxes resulting in complete vertical decoupling. There are several potential mechanisms that could sustain the intermittent turbulent fluxes and mixing and, consequently, coupling (Mahrt 2014; Sun et al. 2015; Mortarini et al. 2016a; Lan et al. 2018). Failing that, any turbulent eddies generated are localized and 
	These periods of rapid, irregular wind direction change can be sustained over longer periods and rotate through more than 360. This work also supports a near surface value U ≈ 1.5 m s as a critical threshold value. It is likely that the irregular, intermittent regime is a common state of the vSBL (U at 2m < 1.5 m s) with respect to wind direction changes in the absence of some forcing mechanism that imposes some sort of periodicity. Lan et al (submitted) also found the threshold velocity has a height depend
	o
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	378 
	5. 
	Conclusions 

	379 
	379 
	This paper investigated the occurrence and magnitude of rapid, intermittent wind direction 

	380 
	380 
	changes in the very stable boundary layer. The evidence indicates that these large wind direction 

	381 
	381 
	changes are largely restricted to near surface wind speeds less than 1.5 m s-1 when momentum 

	382 
	382 
	and sensible heat fluxes approach zero in low wind shear conditions. The magnitude of the wind 

	383 
	383 
	direction changes is greatest near the surface and generally decreases rapidly upward. The 

	384 
	384 
	presence of LLJ suppresses the incidence of these wind direction changes. The large wind 

	385 
	385 
	direction changes occur mainly in weakly turbulent conditions but are otherwise largely 

	386 
	386 
	independent of the magnitude of turbulence. The evidence was inconclusive to support gravity 

	387 
	387 
	waves or other periodic behavior as an important triggering mechanism for the rapid, intermittent 

	388 
	388 
	wind direction changes. 

	389 
	389 
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	537 Figure 4. ∆WD results as a function of the sensible heat and momentum fluxes for all the 2-min 538 periods of Table 1 at four heights on the tower. 539 
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	velocity W. ∆WD and W traces for adjacent heights are offset for clarity by 10 and 0.4 m s, 546 respectively. Hour is time from 1900 MST reference. 547 548 Figure 7. GRI tower October 19 with same caption as Fig. 6. 549 
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	URib; (b) 2-min ∆WD (-10 offsets for 551 successive heights beginning at 3.7 m) (no LLJ); (c) 1-s vertical velocity W; and (d) 1-sec 552 vertical velocity W measured across surface array. ∆WD and W traces for adjacent heights are 553 offset for clarity by 10 and 0.4 m s, respectively. Hour is time from 1900 MST reference. 554 
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	Figure 9. GRI tower October 23 with same caption as Fig. 6. 
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	561 562 Figure 12. Vertical wind shears du/dz and dv/dz over the 2 to 9, 9 to 16.5, and 16.5 to 30 m 563 intervals on October 23. 564 
	Figure 13. 2-min ∆WD for the aggregated du/dz and dv/dz wind shears for all time periods 566 included in the analysis for the (a) 2 to 9 and (b) 9 to 16.5 m intervals. 567 568 Figure 14. Time series of (a) 2-min average σw and (b) 1-s pressure at surface stations, October 569 23. 





