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Abstract:  In the Southern Great Plains, nocturnal low-level jets (LLJs) develop 9 

frequently after sunset and play an important role in the transport and dispersion of 10 

moisture and atmospheric pollutants.  However, our knowledge regarding the LLJ 11 

evolution and its feedback on the structure of the nocturnal boundary layer (NBL) is 12 

still limited.  In the present study, NBL characteristics and their interdependencies 13 

with the LLJ evolution are investigated using data sets collected across the 14 

Oklahoma City metropolitan area during the Joint Urban field experiment in July 15 

2003 and from three-dimensional simulations with the Weather Research and 16 

Forecasting (WRF) model. The strength of the LLJs and turbulent mixing in the NBL 17 

both increase with the geostrophic forcing. During the nights with the strongest LLJs, 18 

turbulent mixing persisted after sunset in the NBL and a strong surface temperature 19 

inversion did not develop. However, the strongest increase in LLJ speed relative to 20 

the mixed layer wind speed in the daytime convective boundary layer (CBL) 21 

occurred when the geostrophic forcing was relatively weak and thermally induced 22 

turbulence in the CBL was strong. Under these conditions, turbulent mixing at night 23 

was typically much weaker and a strong surface-based inversion developed. 24 

Sensitivity tests with the WRF model confirm that weakening of turbulent mixing 25 

during the decay of the CBL in the early evening transition is critical for LLJ 26 

formation. The cessation of thermally induced CBL turbulence during the early 27 

evening transition triggers an inertial oscillation, which contributes to the LLJ 28 

formation. 29 
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1. Introduction 33 

While much progress has been made in understanding the daytime convective 34 

boundary layer (CBL), our understanding regarding the night-time boundary layer 35 

has progressed more slowly and many challenges remain (Belusic and Guttler 2010, 36 

Mahrt 2007, 2009, 2011, 2014, Fernando and Weil 2010, Lareau et al. 2013, Banta et 37 

al. 2003, 2006, 2013, Holtslag et al. 2013, Bosveld et al. 2014).  Under clear skies, 38 

turbulence in the CBL is predominantly generated near the surface due to solar 39 

heating of the ground and is then transported upward throughout the CBL by 40 

updrafts and downdrafts that have turnover times on the order of tens of minutes 41 

and length scales of up to 2-3 km. In contrast, in the nocturnal boundary layer (NBL) 42 

an inversion layer forms near the surface under clear-sky conditions, in which 43 

thermal effects suppress the generation of turbulence by wind shear. Thus, 44 

turbulent mixing within the atmospheric boundary layer rapidly declines during the 45 

early-evening transition, and may become weak and intermittent during very stable 46 

conditions (Acevedo and Fitzjarrald 2001, Mahrt 2010). The drastic drop in 47 

turbulent mixing during the early-evening transition is a key mechanism (Blackadar 48 

1957, Shapiro and Fedorovich 2010) causing the formation of nocturnal low-level 49 

jets (LLJs). In the presence of LLJs, strong wind shear can sustain turbulent mixing 50 

and turbulence may be transported from aloft down to the surface (Smedman et al. 51 

1997, Lundquist and Mirocha 2008, Hu et al. 2013b, Mahrt 1999, Ha and Mahrt 52 

2001, Mahrt and Vickers 2002).  53 

In the United States, LLJs are mostly documented and studied over the Great 54 

Plains (e.g., Bonner 1968, Mitchell et al. 1995, Stensrud 1996, Pan et al. 2004, Song 55 

et al. 2005, Jiang et al. 2007, Pu and Dickinson 2014, Duarte et al. 2012) and the 56 

eastern coastal area (Zhang et al. 2006, Helmis et al. 2013).  The jet maximum 57 

(thereafter called LLJ nose) typically develops at altitudes ranging from few tens of 58 

metres to several hundreds of metres (Cuxart and Jiménez 2007, Zhang et al. 2006, 59 

Banta 2008, Werth et al. 2011, Wei et al. 2013).  Several factors have been discussed 60 
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as leading to the formation of these nocturnal LLJs, including inertial oscillations 61 

(Blackadar 1957, Shapiro and Fedorovich 2010, Parish and Oolman 2010, van de 62 

Wiel et al. 2010, Shibuya et al. 2014), baroclinicity generated by sloping terrain 63 

(Holton 1967), conservation of potential vorticity (PV) (Zhong et al. 1996), and 64 

large-scale meteorological forcing (Song et al. 2005, Wei et al. 2013, Hu et al. 65 

2013b). However, the inertial oscillation theory appears incomplete as it cannot 66 

explain the geographical preference of LLJs and does not match well with observed 67 

LLJ characteristics (Shapiro and Fedorovich 2009, Lundquist 2003). The terrain-68 

associated baroclinicity theory (Holton 1967) cannot correctly reproduce the jet-69 

like vertical profiles (Shapiro and Fedorovich 2009).  In the PV conservation theory, 70 

northward-moving airflow becomes jet-like horizontally, as the Coriolis parameter 71 

increases with increasing latitude (Wexler 1961).  However, this theory cannot 72 

explain the diurnal cycle of LLJs and their jet-like shape in the vertical.  The 73 

development of LLJs may also be modulated by atmospheric radiative cooling 74 

(Holton 1967, Baas et al. 2009, Edwards et al. 2014) or, more generally, the surface 75 

energy balance (Fast and Mccorcle 1990). Thus, the dynamical origin of nocturnal 76 

LLJs is still controversial and studies are still being conducted to extend/complete 77 

the previous theories (e.g., Shapiro and Fedorovich 2009, van de Wiel et al. 2010).   78 

Different theories regarding the LLJs formation also have implications for 79 

vertical profiles of turbulence and other related meteorological and chemical 80 

variables (Kutsher et al. 2012). The time evolution and vertical distribution of mean 81 

and turbulent properties in the NBL are still active topics of research (Banta et al. 82 

2006, Banta 2008, Ohya et al. 2008, van de Wiel et al. 2012a, Hu et al. 2013a,d, 83 

Chambers et al. 2011, Karipot et al. 2008). Turbulent mixing in the NBL intensifies 84 

for wind speeds above a critical value  (Sun et al. 2012, Bonin et al. 2015). For low 85 

wind speeds, the stable layer adjacent to the surface typically decouples from the 86 

residual layer, and the decay of mixing after the early-evening transition causes 87 

sharp gradients in wind and temperature profiles near the surface. For higher wind 88 

speeds, stronger vertical mixing prevails near the surface and also between the 89 

surface and residual layer, i.e. these layers stay coupled (Acevedo et al. 2012, Hu et 90 

al. 2012). The impact of vertical mixing associated with LLJs on the vertical 91 
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distribution of meteorological variables and chemical species needs to be further 92 

investigated (Banta et al. 2002, Cuxart and Jiménez 2007, Hu et al. 2012, 2013a,d, 93 

Williams et al. 2013).  94 

In summary, open questions remain about the LLJ evolution and LLJ 95 

interaction with the dynamic, thermodynamic, and turbulence structure of the NBL. 96 

In part, this is due to the lack of high-resolution profile measurements that range 97 

from the surface up to a few hundred metres above the LLJ nose (Conangla and 98 

Cuxart 2006, Deppe et al. 2013, Banta et al. 2013, Helmis et al. 2013, Klein et al. 99 

2015, Mahrt et al. 2014, Pichugina and Banta 2010, Wei et al. 2014, Duarte et al. 100 

2012).  In the present manuscript, linkages between characteristics of nocturnal 101 

LLJs and the structure of the atmospheric boundary layer before and after sunset 102 

are investigated. The analyses primarily use data sets collected during the Joint 103 

Urban field experiment in July 2003 (JU2003) in Oklahoma City. This data set was 104 

selected as it provides detailed radar wind profile measurements and turbulence 105 

quantities measured on an 80-m tower. Data from the Oklahoma Mesonet provide 106 

further information about near-surface winds and stability in the rural areas 107 

surrounding Oklahoma City, which was shown to be correlated with LLJ 108 

characteristics (Hu et al. 2013b). Previous analyses of the JU2003 data sets have 109 

demonstrated that LLJs occurred on approximately 85% of the nights during the 110 

JU2003 study period (Lundquist and Mirocha 2008). Wang et al. (2007) concluded 111 

that the urban structures over downtown Oklahoma City lifted the LLJ nose by 25 -112 

100 m and reduced wind speeds below the LLJ nose by 10-15%, but direct transport 113 

of turbulent momentum flux from the LLJ nose to the street level was not prominent. 114 

DeWekker et al. (2004) compared temperature and wind profiles measured 2 km 115 

upwind and 5 km downwind of the Oklahoma City central business district and 116 

found that above 200 m differences in wind speed were less than 0.5 m s-1 and in 117 

temperature less than 0.5 ℃ both during day and night. Thus, urban effects did 118 

cause some changes in the LLJ characteristics but the urban impacts on the 119 

dynamics of the LLJ and its development are generally minor and less prominent 120 

than it was observed in other cities (Kallistratova et al. 2009). Our previous studies 121 

using the JU2003 data focused on studying the differences in the thermodynamic 122 
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and turbulence structure of the NBL for nights with weak and strong LLJs and 123 

related impacts on the urban heat island intensity and nocturnal surface ozone 124 

concentrations  (Hu et al. 2013b, Klein et al. 2014). The current study provides new 125 

insights about the scaling of mean flow and turbulence in the NBL and the 126 

mechanisms leading to LLJ development. In addition to the JU2003 data analysis, 127 

three-dimensional simulations with the Weather Research and Forecasting (WRF) 128 

model were conducted. Sensitivity tests with the WRF model reveal how the 129 

variation of turbulent friction affects LLJ development.  130 

 131 

2. Method 132 

2.1 Measurements 133 

The JU2003 tracer experiment campaign took place in the Oklahoma City 134 

metropolitan area in July 2003 (Allwine et al. 2004).  During this experiment, a 135 

boundary-layer radar wind profiler was operated almost continuously during the 136 

month of July 2003 in Oklahoma City at the Argonne National Laboratory (ANL) site, 137 

which was located 5 km downwind of the Oklahoma City central business district in 138 

a suburban area (Fig. 1b). The wind profiler collected data with a vertical resolution 139 

of 55 m and an average time interval of 25 min, providing coverage from 82 m to 140 

approximately 2700 m above ground level (a.g.l.) (De Wekker et al. 2004).  141 

Mean and turbulent flow properties were measured with sonic anemometers 142 

at 37.3 m and 79.6 m a.g.l. at the Tyler Media (TM) tower (Fig. 1b). The TM tower 143 

was located 5.5 km south of the Oklahoma City central business district in suburban 144 

terrain (Grimmond et al. 2004). The mean wind speeds measured at these levels, 145 

referred to as U37 and U80 thereafter, are used to evaluate the NBL shear near the 146 

surface and U37 is also used as scaling velocity for turbulent quantities measured at 147 

the same height. Friction velocity 𝑢∗, defined as 148 

𝑢∗ = [(𝑢′𝑤′̅̅ ̅̅ ̅̅ ) 2 + (𝑣′𝑤′̅̅ ̅̅ ̅̅ )
2

]
1/4

,        (1) 149 

and the turbulent velocity scale 𝑈𝑡 computed according to  150 

𝑈𝑡 = √0.5(𝜎𝑢
2 + 𝜎𝑣

2 + 𝜎𝑤
2)        (2) 151 

http://onlinelibrary.wiley.com/doi/10.1002/jgrd.50823/full#jgrd50823-bib-0023
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are used to characterize the degree of turbulent mixing in the surface layer (see also 152 

Sun et al. 2012). Turbulence kinetic energy, e, is equal to 𝑈𝑡
2. The turbulent 153 

kinematic momentum fluxes 𝑢′𝑤′̅̅ ̅̅ ̅̅  and 𝑣′𝑤′̅̅ ̅̅ ̅̅  and standard deviations of the three 154 

velocity components 𝜎𝑢, 𝜎𝑣, 𝜎𝑤, are computed using the sonic-anemometer data 155 

measured at the 37-m level. These data were originally processed using 30-min 156 

averaging periods, but for the current analysis the 30-min statistics are further 157 

averaged into hourly values.  158 

Near-surface meteorological variables, including wind at 2 and 10 m a.g.l. and 159 

air temperature at 1.5 and 9 m a.g.l., routinely collected at the Oklahoma Mesonet 160 

sites, were also used in the analysis. (McPherson et al. 2007). The mean spacing 161 

between Mesonet stations is approximately 30 km (Fiebrich and Crawford 2001).  162 

The average 10 m wind speed at the six Mesonet sites around Oklahoma City (Fig. 163 

1a,b) is calculated and analyzed as a measure of the near surface winds around 164 

Oklahoma City. To investigate the influence of atmospheric stability in the surface 165 

layer, the Richardson number (𝑅𝑖) at the Mesonet sites is calculated as  166 

𝑅𝑖 =
𝑔[(𝑇9 −  𝑇1.5)/∆𝑧𝑇  + Γ𝑑]∆𝑧𝑢

2

𝑇1.5[𝑢10 −  𝑢2]2
                                           (3) 167 

where g is the acceleration due to gravity, the value adopted for the dry adiabatic 168 

lapse rate Γ𝑑 was  0.01°C m−1  , 𝑇9 and 𝑇1.5 are the air temperatures measured at 9 169 

and 1.5 m a.g.l., and  𝑢2 and 𝑢10 are the wind speeds at 2 and 10 m a.g.l., respectively. 170 

The height differences between the measurement levels are ∆𝑧𝑇 = 7.5 m for air 171 

temperature and ∆𝑧𝑢 = 8.0 m for wind speed. 172 

 173 

2.2 Numerical simulations 174 

To systematically investigate the relationship between LLJs and boundary 175 

layer characteristics, numerical simulations with the WRF model, version 3.4.1 176 

(Skamarock et al. 2008) were conducted for two contrasting episodes: strong LLJs 177 

during July 7-9, and weak LLJs during July 17-19. Simulations covering 42 hours 178 

were initialized at 0000 UTC1 on 7, 8, 17, and 18, July, respectively. The first 18 179 

                                                        
1 UTC = Central Standard Time (CST) + 6 h 

javascript:popRef2('bib65')
javascript:popRef2('bib31')
javascript:popRef2('bib95')
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hours of each simulation are treated as spin-up, and the remaining 24 hours (from 180 

1200 CST on day 1 to 1100 CST on day 2) are analyzed.  Five one-way nested 181 

domains (Fig. 1c) were employed, with horizontal grid spacings of 40.5, 13.5, 4.5, 1.5, 182 

and 0.5 km, respectively. This set-up was chosen because previous studies have 183 

shown that a 0.5-km grid spacing is needed to resolve urban effects on the 184 

boundary-layer structure over Oklahoma City (Liu et al. 2006, Lemonsu et al. 2009, 185 

Hu et al. 2013). Each domain had 48 vertical layers extending from the surface to 186 

100 hPa. The model sigma levels and mid-layer heights of the lowest 20 model 187 

layers are shown in Table 1. In all model domains, the Dudhia shortwave radiation 188 

algorithm (Dudhia 1989), the Rapid Radiative Transfer Model for longwave 189 

radiation  (Mlawer et al. 1997), the WRF single-moment six-class (WSM6) 190 

microphysics scheme  (Hong et al. 2004), and the Noah land surface scheme coupled 191 

with a single-layer urban canopy model (Chen et al. 2011) were used.  Our study 192 

focuses on days during which clouds and precipitation did not develop over the 193 

study area. The microphysics scheme is thus only of relevance for resolving cloud 194 

processes in the outer domains, which cover significant portions of North America 195 

and where clouds were present during the study period.  196 

Planetary boundary layer (PBL) schemes are used to parameterize turbulent 197 

vertical mixing of variables. The choice of PBL scheme affects the structure of the 198 

simulated boundary layers and how much vertical mixing is predicted, which leads 199 

to differences in the predicted LLJs strength (Nielsen-Gammon et al. 2010, Shin and 200 

Hong 2011, Draxl et al. 2014, Storm et al. 2009, Hu et al. 2013a).  In order to 201 

investigate the impact of the boundary layer characteristics on LLJ formation, a 202 

sensitivity analysis is conducted for the Yonsei University (YSU, Hong et al. 2006, 203 

Hong 2010) PBL scheme.  The YSU scheme is a first-order nonlocal scheme, with a 204 

counter-gradient term and an explicit entrainment term in the turbulence diffusion 205 

equation, which was shown to reproduce important features of the NBL (Hu et al. 206 

2013a,c). In the YSU PBL scheme, the momentum eddy diffusivity for the stable 207 

boundary layer is formulated as  208 

𝐾𝑚 = 𝑘𝑤𝑠𝑧(1 −
𝑧

ℎ
)2,                                                    (4) 209 

javascript:popRefFull('fig1')
javascript:popRefFull('tbl1')
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where the velocity scale is 𝑤𝑠 = 𝑢∗ 𝜙𝑚⁄  , k is the von Karman constant, z is the height 210 

above ground, and h is the boundary layer height diagnosed in the YSU scheme 211 

using a critical Richardson number (0.25 over the land, while it depends on the 212 

surface winds and Rossby number over oceans).  The non-dimensional profile 213 

function, 𝜙𝑚, for stable conditions (𝑧 𝐿⁄ > 0) in YSU is implemented as 214 

𝜙𝑚 = 1 + 𝑎
𝑧

𝐿
 ,                                                                     (5) 215 

where 𝐿 is the Monin-Obukhov length. The coefficient 𝑎, which describes the 216 

dependence of eddy diffusivity on the stability parameter z/L, plays an important 217 

role for simulating LLJs. Its default value in YSU is 5 (Nielsen-Gammon et al. 2010, 218 

Hu et al. 2013a).  Sensitivity simulations with 𝑎 varying between 0.1 and 10 are 219 

conducted.  Note that the lower and higher values of this range may exceed the 220 

plausible range of 𝑎 to accurately simulate the realistic vertical mixing in the 221 

nocturnal boundary layer (Foken 2006, Nielsen-Gammon et al. 2010). These 222 

extreme, somewhat unrealistic values were included to emphasize the role of 223 

stability and vertical mixing in LLJ development. In the standard WRF model output, 224 

available for all the conducted sensitivity simulations, only the eddy diffusivity for 225 

heat defined as  226 

𝐾ℎ = 𝑃𝑟−1𝐾𝑚,                                                         (6) 227 

where Pr is the turbulent Prandtl number, was saved. We thus used 𝐾ℎ  to 228 

characterize the diurnal evolution of vertical turbulent mixing in the boundary layer, 229 

but verified for the control simulation (with 𝑎 = 5) that the eddy-diffusivity profiles 230 

for heat and momentum are similar. 231 

 232 

3. Results 233 

3.1 Observed LLJ Properties 234 

During July 2003, southerly winds dominated and LLJs developed in Oklahoma on a 235 

majority of the nights (Figs. 2a,b).  Notable exceptions were July 1, when an easterly 236 

wind persisted due to a tropical depression east of Oklahoma, and July 22-23, 29-30, 237 

and the later half of July 10, when northerly winds dominated due to cold frontal 238 

passages.  On one to two nights after each cold frontal passage, the LLJs were 239 
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typically relatively weak. In July 2003, the LLJ nose was typically at about 400 m and 240 

never above  800 m (Figs. 2a, 3). Following Hu et al. (2013b), the maximum jet 241 

speed, ULLJ, was thus determined as the hourly maximum wind speed observed in 242 

the layer between 200 - 800 m.  The lower limit of 200 m was chosen, as the radar 243 

wind profile data may not be accurate below these heights.  244 

The Richardson number 𝑅𝑖 (3) shows distinct diurnal patterns around 245 

Oklahoma City during the study period (Fig. 2c).  It increases prominently during 246 

the early evening transition and remains positive until the next morning when the 247 

rapidly developing convective boundary layer breaks down the near-surface 248 

inversion. As, the day-to-day variation of 𝑅𝑖 is prominent, one objective of our study 249 

is to investigate the relationships between atmospheric stability and LLJ strength. 250 

We selected a 12-h time period for each day/night ranging from 1730 to 0430 local 251 

time (LT which during the study period is equal to CDT). The analyzed data were 252 

limited to days/nights for which the wind directions measured at the Tyler Media 253 

tower at 37-m and 80-m a.g.l. were within a southerly sector (135o-225o), and for 254 

which the observations had no major gaps during the selected 12-hr windows. The 255 

time period was chosen to study the transitions from the afternoon CBL to the stable 256 

NBL. The sunset times, which ranged from 2049 – 2035 LT in July 2003, were taken 257 

into account when defining the time window. Table 2 lists the 18 days in July 2003 258 

included in the analysis and provides an overview of important boundary layer 259 

parameters, which are defined and discussed below. Each listed date refers to the 260 

day at the beginning of the time window. The sonic anemometer at the 37-m level 261 

became fully operational only on July 06, which is why some of the data are missing 262 

for the first 3 days.  Daytime and nighttime wind profiles for the selected nights are 263 

shown in Fig. 3a-c. The daytime profile was computed as the average of the 1730 264 

and 1830 LT observations, for the nighttime profile three hourly profiles from 0130 265 

– 0330 LT were averaged since the properties of the LLJ for most days did not vary 266 

much in that time period. The profiles show that the daytime values of ULLJ , 267 

computed as maximum wind speed below 800 m, are representative of the mixed 268 

layer wind speeds in the daytime CBL while at night ULLJ corresponds to the LLJ wind 269 

speed maximum. 270 
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The daily time series of the wind speeds ULLJ, U37, and U80, friction velocity 𝑢∗, 271 

turbulent velocity scale Ut , and Richardson number Ri for the 18 selected days are 272 

shown in Fig. 4. The transition from unstable conditions (Ri<0) to stable conditions 273 

(Ri>0) happens at around 2000 LT (Fig. 3f). Around that time, ULLJ begins to increase 274 

until it starts to level off at around 0100 during most nights. On seven days, ULLJ 275 

drops at around 1930 LT (most pronounced on July 03 and July 26) before the 276 

winds start to accelerate. van de Wiel et al. (2010) discuss that backward inertial 277 

oscillations can initially cause a drop in wind speed but such backward oscillations 278 

should occur below a crossing point near the surface. For the current paper, we 279 

focused on analyzing correlations between bulk LLJ and turbulence characteristics 280 

and did not further investigate if backward oscillations may have caused the 281 

observed initial drops in wind speed.   282 

During the 18 nights analyzed, the maximum LLJ speed (𝑈𝐿𝐿𝐽)
𝑚𝑎𝑥

 observed 283 

each night varied between 14.4 m s-1 and 22.5 m s-1 (Table 2) while the shape of the 284 

daily time series of 𝑈𝐿𝐿𝐽 is quite similar (Fig. 4). Following the inertial oscillation 285 

theory, the LLJ speed depends on the deviation of the boundary layer winds from 286 

the geostrophic wind, i.e. the ageostrophic wind speed  (Shapiro and Fedorovich 287 

2010, van de Wiel et al. 2010). Getting reliable estimates of the geostrophic wind 288 

speed proved to be challenging, i.e. we could not compute the ageostrophic wind 289 

speed that was proposed as scaling velocity in the literature (Shapiro and 290 

Fedorovich 2010, van de Wiel et al. 2010).  Above 800 m, the daytime wind speed 291 

profiles (average of the profiles measured at 1730-1830 LT) show little variability 292 

with height, i.e. the daytime values of 𝑈𝐿𝐿𝐽 are a good approximation of the mixed 293 

layer wind speed in the CBL (Figs. 3a-c). Thus, we decided to define the daytime 294 

values of ULLJ, as a scaling velocity Us.  While we expect the geostrophic wind speed 295 

to be higher than Us, we hypothesize that this scaling velocity can serve as a proxy 296 

which allows us to account for the variability in the geostrophic forcing. The values 297 

of Us ranged from 6.5 to 10.9 m s-1 during the study period (Table 2).  Normalized 298 

daytime and nighttime profiles using Us as scaling velocity are shown in Fig. 3d-f. It 299 

can be noted that days with the highest velocity increase at night, i.e. days with the 300 
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highest ULLJ/ Us  values, are not the days with the highest values of ULLJ. While the 301 

normalized profiles show less variability than the original wind profiles, the relative 302 

low-level jet strength and height still vary from day to day. Finding the factors 303 

causing this variability is an important objective of this study. 304 

The trends in the time series of U37, and U80 are less consistent (Fig. 4b, c) 305 

than the trends in ULLJ, and also the friction velocities 𝑢∗ vary strongly (Fig. 4d) 306 

whereby large differences are particularly noticeable before sunset: on some days a 307 

pronounced increase in 𝑢∗ is observed before the early-evening transition while on 308 

other days a gradual decline or high variability from hour to hour can be noted. The 309 

turbulent velocity scale Ut, on the other hand, shows similar trends for all days and 310 

more consistent trends throughout the selected 12-hour time window. Thus, Ut is 311 

used as a parameter to describe the level of turbulent mixing in the NBL, which is 312 

also consistent with the study of Sun et al. (2012). The Ri profiles have similar 313 

shapes but both the afternoon values 𝑅𝑖𝑑𝑎𝑦 (minimum Ri value before sunset) and 314 

nighttime value 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 (maximum Ri value observed between 2230 and 0430 LT) 315 

vary daily during the study period (Fig. 3f). The values 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 ranged from 0.03 to 316 

0.25, i.e. from quasi-neutral to moderately stable conditions, for 𝑅𝑖𝑑𝑎𝑦 values in the 317 

range of −0.07 to −0.38  were observed (Table 2).  318 

As discussed in Shapiro and Fedorovich (2010) and van de Wiel et al. (2010), 319 

the LLJ starts to develop as an inertial oscillation from the initial afternoon wind 320 

profile and the increase in wind speed relative to the initial wind speed is an 321 

important parameter that describes the LLJ strength. In our analysis, the wind speed 322 

ratio 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  describes the increase of the wind speed at the LLJ nose relative to the 323 

initial mixed-layer wind speed. The diurnal time series of 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  (Fig. 5a) show the 324 

expected sharp increase of 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  after the early-evening transition. The variation 325 

of 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  with Ri-number further highlights the sharp increase as stability changes 326 

from unstable to stable conditions. However, the 𝑈𝐿𝐿𝐽 𝑈𝑠⁄ -values start to decline 327 

again for 𝑅𝑖 > 0.1  and a clear correlation between the Ri values at night (𝑅𝑖 > 0.1) 328 

and 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  does not emerge (Fig. 5d). The daily maximum ratios (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 329 

ranged between 1.8 and 2.7 (Table 2).  As additional parameters describing the 330 
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dynamic and turbulent structure of the NBL, the velocity ratio 𝑈80 𝑈37⁄ , and 331 

turbulent velocity scale 𝑈𝑡 𝑈37⁄  normalized by the wind speed measured at the same 332 

height and time are also plotted in Fig. 5. The ratio 𝑈80 𝑈37⁄  can serve as a 333 

dimensionless shear parameter, since 334 

𝑈80

𝑈37
=

80 − 37 

𝑈37

𝑑𝑈

𝑑𝑧
+ 1                                              (7), 335 

which describes the degree of shear below the LLJ nose.  The ratio 𝑈𝑡 𝑈37⁄  is a 336 

measure of the turbulence intensity. The variation of 𝑈𝑡 𝑈37⁄  with stability is more 337 

consistent than for 𝑈𝐿𝐿𝐽 𝑈𝑠⁄ : turbulence intensity decreases nearly linearly as Ri 338 

increases (Fig. 5.f). Similar to 𝑈𝐿𝐿𝐽 𝑈𝑠⁄ , the shear parameter 𝑈80 𝑈37⁄  increases 339 

drastically after Ri becomes positive, but a clear correlation between Ri and 𝑈80 𝑈37⁄  340 

does not emerge (Fig. 5.f).  It is interesting to note that high values of (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

, 341 

i.e. the development of a strong LLJ relative to the previous day mixed-layer wind 342 

speed, appear to be more prominent on days with lower 𝑅𝑖𝑑𝑎𝑦 values, such as e.g. on 343 

July 18, 26, and 27 (Table 2 and Fig. 5d). During these three days, the highest 344 

turbulence intensities 𝑈𝑡 𝑈37⁄  (Fig. 5b, e) were observed in the CBL. The correlation 345 

between relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

, and atmospheric stability Ri and 346 

turbulence intensity 𝑈𝑡 𝑈37⁄  at different times is now investigated in more detail. 347 

Following the inertial oscillation theory, the drop in turbulent vertical mixing 348 

during the early-evening transition determines the strength of the LLJ relative to the 349 

initial (afternoon mixed-layer) wind speeds (Shapiro and Fedorovich 2010, van de 350 

Wiel et al.  2010). Thus, we propose the hypothesis that the highest increase of the 351 

LLJ speed relative to the initial mixed-layer wind speed, i.e. the highest value of 352 

(𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

, is expected during nights with (i) the largest change in atmospheric 353 

stability, i.e. largest values of 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦  and (ii) the strongest drop in 354 

turbulence intensity 𝑈𝑡 𝑈37⁄  during the early-evening transition. During the study 355 

period, the change in atmospheric stability,  𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦, varied from 0.13 on 356 

July 06 to 0.57 on July 18.  To assess the change in turbulence intensity, we 357 

computed a daytime value (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 as a mean value for the time period 1730-358 

1830 LT, and nighttime value (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡  as the minimum value observed 359 
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between 2230 and 430 LT (Table 2). During the study period, the ratio 360 

(𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦, which describes the drop in turbulence intensity from 361 

the daytime CBL to the NBL values, ranged between 0.33 on July 18 and 0.91 on July 362 

07.    363 

Plots of the relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 versus the change in stability 364 

𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦  (Fig 6a), and the drop in turbulence intensity (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/365 

(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 (Fig. 6d) show the expected trends: (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 increases as the 366 

change in stability 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦 increases and as the ratio of nighttime to daytime 367 

turbulence intensity (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 decreases. The scatter in the data is 368 

however fairly large and the correlation coefficients r are quite low (0.41 and 0.3 369 

respectively). In addition to relative LLJ strength, the shear parameters 𝑈80 𝑈37⁄   370 

and 𝑈𝐿𝐿𝐽 𝑈37⁄  are also plotted in Fig. 6. As one would expect, both shear parameters 371 

also increase with increasing 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦  and decrease with increasing 372 

(𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦. The corresponding correlation coefficients are quite 373 

high, particularly for 𝑈80 𝑈37⁄  and (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦, as in that case all 374 

variables were measured at the same site and with the same instruments.  375 

As mentioned above, the relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 tended to be 376 

higher on days with lower (characterizing more convective conditions) Ri numbers 377 

before the early-evening transition. We thus also investigated correlations of the 378 

relative LLJ strength and shear parameters with values of daytime and nighttime 379 

stability ( 𝑅𝑖𝑑𝑎𝑦  and 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 ) and turbulence intensity 380 

[(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 and (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡]. Of all six parameters represented in Fig. 6, relative 381 

LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 correlates best with 𝑅𝑖𝑑𝑎𝑦  (Fig. 6b) and shows no 382 

correlation with the nighttime stability 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 (Fig. 6c) or turbulence intensity 383 

(𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡 (Fig. 6f). The shear parameters, on the other hand, are best correlated 384 

with (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡 (Fig. 6f). It thus appears that in our study, relative LLJ strength 385 

primarily depends on daytime stability and turbulence intensity but is not 386 

noticeably affected by the nighttime stability. One interpretation is that the collapse 387 

of the CBL during the early-evening transition is the main mechanisms triggering 388 
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the initial LLJ development. The LLJ then persists throughout the night with its bulk 389 

characteristics not being much affected by nighttime stability and turbulence 390 

intensity. The latter two parameters do however modulate the shear below the LLJ 391 

nose. At the same time, nighttime stability and turbulence parameters are also 392 

modulated by the presence of the LLJ at night. As a consequence, the values of 393 

(𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡 do not vary much throughout the study period, i.e. daily variations in 394 

the turbulence intensity ratios (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦  are primarily due to 395 

variations in the daytime values. Our findings overall confirm the hypotheses that 396 

were formulated above based on the inertial oscillation theory: the relative LLJ 397 

strength depends on the degree of change in atmospheric stability and turbulence 398 

intensity during the early-evening transition. Additionally, we have shown that the 399 

conditions in the daytime CBL just before sunset are critical and the daytime Riday  is 400 

a good indicator for the strength of LLJ. These conclusions may not be applicable to 401 

situations with weaker jets and strongly stable NBLs.  402 

Our analysis so far, has followed the concepts outlined in Shapiro and 403 

Fedorovich (2010) and van de Wiel et al. (2010) and conclusions we derived have 404 

been based on the relative LLJ strength, i.e. the increase in velocity relative to the 405 

mixed-layer velocity prior to the early-evening transition. We would like to point 406 

out that such normalization by an initial wind speed is critical. As shown in Fig. 7, 407 

very different conclusions could be drawn if the absolute wind speed ULLJ  is plotted 408 

against atmospheric stability. The daily maximum values of ULLJ correlate well with 409 

all 3 stability parameters 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 − 𝑅𝑖𝑑𝑎𝑦 , 𝑅𝑖𝑛𝑖𝑔ℎ𝑡 , and 𝑅𝑖𝑑𝑎𝑦  but LLJ strength 410 

increases as the absolute values of Ri decrease, i.e. when the flow becomes more 411 

neutral. One may thus conclude that stability effects play no important role in the 412 

LLJ development and that the LLJ weakens as the daytime CBL becomes more 413 

unstable and the NBL more stable. However, the fact that stronger LLJs correspond 414 

with more neutral conditions merely reflects the fact that atmospheric stability, in 415 

general, decreases as wind speed increases. As illustrated in Fig. 7, the same trends 416 

are observed for the average wind speeds measured at the six rural Mesonet sites 417 

10 m above ground (U10) and for the wind speeds measured on the Tyler Media 418 
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tower shown in Fig. 1b  (U37 and U80). Appropriate normalization of the data is thus 419 

key for understanding which factors play a role in the development and evolution of 420 

LLJs. In our study, using the daytime mixed-layer wind speed as a scaling velocity Us 421 

allowed us to account for the general trends in the geostrophic forcing and to 422 

analyze the data in a non-dimensional framework. 423 

Similarly, we want to point out the importance of using turbulence intensities 424 

𝑈𝑡 𝑈37⁄  rather than original values of 𝑈𝑡 when investigating the role of turbulent 425 

mixing in LLJ development. There are no big differences in the nighttime to daytime 426 

ratios of these two quantities (Figs. 6d and 7d), but opposite trends are observed in 427 

the correlation of relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 with daytime values: while we 428 

observe the expected trend of stronger daytime turbulence intensities (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 429 

promoting stronger LLJs, higher absolute values of 𝑈𝑡,𝑑𝑎𝑦 correlate with weaker 430 

LLJs. One explanation is that the decline of turbulent mixing during the early-431 

evening transition, which drives the inertial oscillation, is primarily due to the shut 432 

down of thermally driven turbulence. The intensity of thermally driven turbulence 433 

in the CBL thus becomes a dominant factor leading to LLJ development. High values 434 

of 𝑈𝑡,𝑑𝑎𝑦  can be observed during days with high wind speeds during which 435 

thermally driven turbulent mixing is of secondary importance. Thus, the magnitude 436 

of 𝑈𝑡,𝑑𝑎𝑦 does not necessarily describe well the level of thermally driven turbulence 437 

and is apparently inadequate as parameter for LLJ development.  On the other hand, 438 

the turbulence intensities, that describe the strength of turbulent mixing relative to 439 

the mean flow, are better indicators of thermally driven turbulence. 440 

 441 

3.2 Analysis of Selected Episodes 442 

The interdependence between boundary layer characteristics/structures and LLJs 443 

are further examined in detail for two contrasting episodes during July 7-9 and 444 

during July 17-19 (Fig. 8). During the July 7-9 episodes, the maximum LLJ wind 445 

speeds were higher than 21 m s-1, while during the July 17-19 episodes the 446 

maximum LLJ wind speed stayed around 15 m s-1 (Table 2 and Fig. 4). So, in terms of 447 

absolute wind speeds, a weaker LLJ developed during the second episode. However, 448 
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the strongest increase relative to the daytime winds was observed during the night 449 

of July 18-19. On July 18, daytime stability 𝑅𝑖𝑑𝑎𝑦 was −0.37 while the CBL during the 450 

first episode was less unstable (𝑅𝑖𝑑𝑎𝑦 ≈ −0.1). Turbulence intensity in the daytime 451 

CBL, (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦, had the highest value on July 18 of all the days analyzed, which 452 

further indicates that the contribution of thermally driven turbulent mixing in the 453 

CBL was stronger during the second than the first episode. Synoptic flow patterns 454 

played an important role in modulating the wind speeds for the two episodes.  455 

During July 7-9, the pressure gradient over most of the Great Plains was northwest-456 

to-southeast.  Such a synoptic-scale weather pattern predominates during the warm 457 

season (Song et al. 2005).  The horizontal pressure gradient and the blocking effect 458 

of the Rockies (see terrain height in Fig. 1c) forced airflow from southerly latitudes 459 

into the south-central United States, thus contributing to strong southerly or 460 

southwesterly winds during the nighttime (Figs. 8a, 2b).  During July 17-19, the 461 

pressure gradient was weak in Oklahoma, resulting in weaker prevailing southerly 462 

to southwesterly winds (Figs. 8b, 2b).  463 

Weaker/stronger winds are associated with weaker/stronger turbulence 464 

near the surface during the nighttime (Fig. 8a,b).  Turbulence subsided quickly 465 

during the early evening transitions of the episode of July 17-19 as indicated by a 466 

sharp decrease of the turbulent velocity scale 𝑈𝑡 and friction velocity (𝑢∗).  As 467 

discussed above, the nighttime turbulence intensities dropped to roughly about 30% 468 

of the daytime values on July 18. In contrast, the turbulent velocity scale 469 

𝑈𝑡 remained relatively high throughout the nights of July 7-9 and on July 7 the 470 

nighttime turbulence intensity was still approximately equal to 90% of the 471 

corresponding daytime value (Table 2). The sharper drop in turbulence intensity 472 

during the second episode was associated with a sharper increase in LLJ speed 473 

relative to the daytime wind speeds, i.e. the values of (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 were higher 474 

than during the first episode. Differences in the nighttime turbulence intensities also 475 

were associated with clear differences in nighttime stability: higher wind speeds 476 

and higher turbulence intensities at night were associated with stronger coupling in 477 

the layer below the LLJ nose as indicated by the smaller values of the shear 478 
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parameter (𝑈80 𝑈37⁄ )𝑚𝑎𝑥 (Tab. 2 and Fig 5b) and lower Rinight values (Fig. 8c) during 479 

the first episode, while nighttime wind shear (Fig 5b) and stability quickly increased 480 

(Fig. 8d) due to surface radiative cooling in the absence of strong turbulence during 481 

the second episode. Differences can also be noted in the heights of the LLJ nose: 482 

during the second episodes the LLJ was lower than during the first episode. Our 483 

finding of nighttime turbulence increasing with large-scale pressure gradient 484 

forcing is consistent with van de Wiel et al. (2012b), who found that nighttime near-485 

surface turbulence increased rapidly when the geostrophic wind exceeded 5 m s-1. 486 

 487 

3.3 WRF Simulations for the Selected Episodes 488 

To further investigate the linkages of LLJ development and NBL structure, 489 

sensitivity studies were conducted with the WRF model in which the stability 490 

dependence of the eddy diffusivity was systematically varied. The control WRF 491 

simulations with default parameters successfully capture the differences in LLJ 492 

strength between the two episodes (Figs. 9a,b).  On each day, turbulent vertical 493 

mixing (as characterized by the eddy diffusivity for heat 𝐾ℎ) in the boundary layer 494 

shows a prominent diurnal variation (Figs. 9c,d).  Vertical mixing clearly weakens 495 

drastically after sunset, but while it becomes nearly negligible in the residual layer, 496 

some mixing persists in the stable boundary layer throughout the night (Figs. 9c,d).  497 

The results from the WRF model sensitivity tests with different values for the 498 

coefficient 𝑎 in the stability functions 𝜙𝑚 (Eq. 5) used in the YSU PBL scheme 499 

illustrate the feedback of boundary layer characteristics on LLJ development. In all 500 

simulations, the LLJ nose occurs near the top of the stable boundary layer (i.e. near 501 

the transition to the residual layer), where vertical mixing sharply declines (Figs. 502 

10a,b) and the flow becomes effectively inviscid.  Weak vertical mixing confined in a 503 

shallower stable boundary layer leads to lower LLJs (Figs. 10a-d).  This is consistent 504 

with the observational study of Pichugina and Banta (2010), which reports that for a 505 

LLJ with a distinct nose, the height of the LLJ nose is approximately the height of the 506 

first significant minimum in the turbulence profile (or top of the stable boundary 507 

layer). Sharp contrasts in simulated nighttime stability during the two episodes also 508 

exist, which further documents how vertical mixing modulates boundary layer 509 
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stability (Figs 11e,f). During episode 1, when the geostrophic forcing, nocturnal LLJs, 510 

and vertical mixing at night were all strong, a nearly neutral boundary layer 511 

develops for all test scenarios (Fig. 10e) but the depth of this layer decreases as the 512 

mixing weakens. During episode 2, the control run (and also the runs with weaker 513 

mixing than in the control run) predicts a strong-surface based inversion, which 514 

weakens in the simulations with stronger mixing (Fig. 10f). The coincidence of the 515 

heights of LLJ nose and top of the stable boundary layer may be explained by the 516 

Blackadar’s inertial oscillation theory: the oscillation amplitude is expected to grow 517 

as the ground is approached from the top of the residual layer until the frictional 518 

force inevitably becomes important near the surface in the stable boundary layer  519 

(Shapiro and Fedorovich 2010), i.e., the oscillation amplitude at night peaks at the 520 

top of the stable boundary layer (Blackadar 1957).  The collocation of the LLJ nose 521 

and transition from the stable boundary layer to the residual layer also illustrates 522 

the importance of nearly zero mixing in the residual layer for the inertial oscillation.  523 

These results may also explain why lower LLJs (approximately 100m a.g.l.) are 524 

observed in shallower, stably-stratified ocean boundary layers (e.g., Smedman et al. 525 

1995, Mahrt et al. 2014) than in the Southern Great Plains, where the LLJ mostly 526 

peaks above 200 m (Song et al. 2005).   527 

Decreasing 𝑎 in the YSU PBL scheme causes stronger vertical mixing that 528 

persists over a deeper layer, leading to higher and weaker LLJs (Fig. 10). Thus, the 529 

sensitivity study illustrates how vertical mixing tends to hamper the inertial 530 

oscillation and reduce LLJ strength.  These results are consistent with the sensitivity 531 

tests using analytical models of nocturnal LLJs reported in Shapiro and Fedorovich 532 

(2010). In nearly all the quantitative studies of the inertial oscillation using 533 

analytical models, turbulent diffusivities or turbulent friction terms were prescribed 534 

as external forcings, thus neglecting feedback between the shear and turbulent 535 

mixing (Shaprio and Fedorovich  2009, 2010, van de Wiel et al. 2010, Schroter et al. 536 

2013). This feedback, as shown above, can affect the eventual LLJ strength.   537 

As discussed above, a sharp decrease of vertical mixing in the NBL (including 538 

both the stable boundary layer and the residual layer) during the early-evening 539 

transition can be noted during both episodes (Figs. 9c,d, Figs. 11c,f). The simulation 540 
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results provide additional evidence to the observations that the stronger dynamic 541 

forcing during episode 1 caused higher LLJ speeds 𝑈𝐿𝐿𝐽 (Fig. 11a) but weaker 542 

relative LLJ strength 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  (Fig. 11b) than during episode 2 (Figs. 11 d,e). Time 543 

series (Figs. 11 c, f) of the peak values 𝐾ℎ𝑝 in the vertical eddy-diffusivity profiles 544 

show that the reduction in 𝐾ℎ𝑝 during the early-evening transition was larger during 545 

episode 2 (Fig. 11f) than during episode 1 (Fig. 11c). The fact that 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  values 546 

were higher during episode 2 than during episode 1 confirms that a stronger 547 

reduction in vertical turbulent mixing leads to a stronger increase in wind speed 548 

after sunset. The results shown in Fig. 12 further illustrate that relative LLJ strength 549 

(𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑛𝑖𝑔ℎ𝑡

 (maximum value for each night) correlates well with the reduction of 550 

eddy diffusivity (expressed as the ratio 𝐾𝑚𝑖𝑛 𝐾𝑚𝑎𝑥⁄  whereby 𝐾𝑚𝑖𝑛 corresponds to 551 

the minimum value of 𝐾ℎ𝑝 observed at night and 𝐾𝑚𝑎𝑥 to the maximum of 𝐾ℎ𝑝 552 

before sunset). The results from both episodes and three different sensitivity tests 553 

all show a clear trend of increasing values in relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑛𝑖𝑔ℎ𝑡

 as 554 

the drop in turbulent mixing during the early-evening transition becomes stronger, 555 

i.e. 𝐾𝑚𝑖𝑛 𝐾𝑚𝑎𝑥⁄  decreases (Fig. 12a). No clear trends are observed when the actual 556 

LLJ speed (𝑈𝐿𝐿𝐽)
𝑛𝑖𝑔ℎ𝑡

 is plotted against 𝐾𝑚𝑖𝑛 𝐾𝑚𝑎𝑥⁄  (Fig. 12b).  557 

In summary, the sensitivity tests conducted with the WRF model have shown 558 

that (1) the numerical simulations are in qualitatively good agreement with 559 

observations, (2) the sharp drop in turbulent mixing during the early-evening 560 

transition triggers an inertial oscillation, which contributes to LLJ formation, and (3) 561 

the scaling of LLJ strength by a scaling velocity 𝑈𝑠 is critical for investigating the 562 

factors leading to LLJ formation. The afternoon mixed layer wind speed, used in our 563 

study as scaling velocity 𝑈𝑠, overall works well but large differences can be noted 564 

between the observations and numerical model results for 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  on the second 565 

day of episode 2 (Fig. 11e). The WRF model predicts much higher values for 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  566 

than what was observed. These differences can be explained by the underprediction 567 

of the afternoon mixed layer wind speed in the WRF output (Fig. 11d). As a result, 568 

the value of the scaling velocity 𝑈𝑠 for the WRF model output was lower than for the 569 
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observations and consequently 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  was overpredicted even though the 570 

observed and simulated nighttime values of 𝑈𝐿𝐿𝐽 agreed well.   571 

 572 

4. Discussion and Conclusions 573 

The linkages between LLJ development and properties of the daytime CBL and 574 

nighttime stable boundary layer have been investigated in this study by using 575 

measurements collected in the Oklahoma City metropolitan area during the Joint 576 

Urban 2003 field experiment, along with WRF simulations.  Prominent LLJs 577 

occurred on most nights during the JU2003 experiment.  According to the inertial 578 

oscillation theory (Blackadar 1957), nocturnal LLJs develop in response to the 579 

collapse of turbulence in the CBL during the early-evening transition.  Thus, nights 580 

with strong temperature inversions and weak turbulence in a shallow, stable 581 

boundary layer near the surface are often viewed as prone to the formation of 582 

strong LLJs.  Interestingly, the JU2003 dataset shows that stronger LLJs in central 583 

Oklahoma in the summer time were always associated with stronger turbulence and 584 

weaker inversions at night, which could be viewed as contradicting the Blackadar 585 

(1957) theory. It is important, though, to find a framework for the data analysis, 586 

which allows accounting for the influence of the geostrophic forcing. We have 587 

shown that, in the absence of reliable data for the geostrophic winds, the mixed 588 

layer wind speed of the daytime CBL can serve as an appropriate LLJ scaling velocity 589 

Us. Relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 correlates well with daytime Richardson 590 

numbers 𝑅𝑖𝑑𝑎𝑦 and turbulence intensities (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦, while the corresponding 591 

nighttime values of these two parameters primarily influence the shear below the 592 

LLJ nose but do not correlate well with relative LLJ strength. 593 

During nights with stronger LLJs, the wind speeds in the daytime CBL were 594 

typically also higher, which indicates that during these days the geostrophic forcing 595 

was stronger. As the geostrophic forcing becomes stronger, the rate of mechanically 596 

generated turbulence increases both during day and night. It appears that if the 597 

wind speed during the early-evening transition exceeds some critical value, vertical 598 

mixing will persist throughout the night and a strong inversion will not develop 599 
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close to the surface. The development of nocturnal LLJs in absence of strong surface 600 

temperature inversions was also reported in some other regions (e.g., coastal area 601 

in high latitudes, Smedman et al. 1995, Helmis et al. 2013). However, even during 602 

nights with strong geostrophic forcing, a sharp drop in vertical mixing is still 603 

observed during the early-evening transition, which is sufficient to trigger an 604 

inertial oscillation. Three-dimensional modeling results further confirm that the 605 

sudden weakening of vertical mixing in the nocturnal boundary layer (including 606 

both the stable boundary layer and the residual layer) during the early evening 607 

transition contributes to LLJ formation.  The level of mixing at night primarily 608 

modulates the thermodynamic structure of the NBL, the height of the LLJ nose and 609 

the shear below the jet nose. Stronger/weaker LLJs are associated with 610 

larger/smaller turbulence near the surface, which leads to weaker/stronger vertical 611 

gradients of temperature and wind speed. These results agree with previous studies 612 

(e.g., Lundquist and Mirocha 2008, Hu et al. 2013b, d), which also reported that 613 

strong LLJs coincide with strong turbulence near the surface, which modulates the 614 

NBL structure.   615 

The NBL characteristics in the presence of LLJs have important implications 616 

for vertical dispersion and horizontal transport of heat, moisture and pollutants.  617 

Under the traditional view of the NBL, the mixing between the surface stable layer 618 

and the layer above is limited due to strong stratification.  Thus, moisture and 619 

pollutants accumulated above the surface layer can be efficiently transported 620 

horizontally overnight, especially in the presence of LLJs (Delgado et al. 2014).  The 621 

present study confirms previous studies (e.g., Banta et al. 2007) that turbulence in a 622 

thick nocturnal boundary layer can be significant in the presence of strong LLJs.  As 623 

a result, the vertical distribution of meteorological and chemical variables may be 624 

significantly modulated.  In case of ozone, during quiescent nights, surface ozone 625 

normally decreases through the evening due to dry deposition and chemical 626 

reactions. In the presence of strong LLJs, however, strong turbulence plays an 627 

important role in transporting ozone-richer residual layer air to the surface leading 628 

to nocturnal surface ozone peaks (Hu et al. 2013a, Klein et al. 2014).  Given the 629 

impact of LLJs on vertical redistribution, the traditional understanding of horizontal 630 
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transport of atmospheric and chemical scalars in the nocturnal boundary layer and 631 

its contribution to the downwind meteorological and chemical processes needs to 632 

be improved.  633 

The improved understanding of the NBL also has important implications for 634 

future model improvement.  Model biases for near-surface wind, temperature, and 635 

pollutants (e.g., ozone) during nighttime are often reported.  Systematic over-636 

estimations of near-surface winds during stable conditions have been noted in the 637 

simulations with several meteorological models (e.g., Zhang and Zheng 2004, Miao 638 

et al. 2008, Han et al. 2008, Shimada et al. 2011, Vautard et al. 2012, Garcia-639 

Menendez et al. 2013, Zhang et al. 2013, Wang and Jin 2013). Such model biases are 640 

partially due to inaccurate coupling strength in the nocturnal boundary layer 641 

simulated by PBL parameterization schemes (Banta et al. 2007, Hu et al. 2013a, 642 

Holtslag et al. 2013, Sandu et al. 2013).  Some PBL schemes give too strong coupling 643 

at night, thus systematically overestimating nighttime near-surface temperature and 644 

wind speed (Zhang et al. 2013, Hu et al. 2013a, Ngan et al. 2013).  Given the vital 645 

importance of PBL schemes for accurate simulations of wind, turbulence, and air 646 

quality in the lower atmosphere, evaluation of model simulations with different PBL 647 

schemes in terms of their nocturnal coupling strength, along with the collection of 648 

more suitable observations (e.g., vertical profiles of meteorological and chemical 649 

variables from Doppler, Raman, and differential absorption lidars), is warranted for 650 

providing guidance to future model improvement. 651 
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Table 1. Sigma levels and mid-layer heights (m a.g.l.) of the lowest 20 model layers. The sigma levels 1106 

are defined as 
𝑝−𝑝𝑡𝑜𝑝

𝑝𝑠𝑢𝑟𝑓−𝑝𝑡𝑜𝑝
, where p is the dry hydrostatic pressure at each corresponding 1107 

level, psurf is dry hydrostatic surface pressure, and ptop is a constant dry hydrostatic pressure at 1108 

model top.   1109 

sigma levels 1.0 0.997 0.994 0.991 0.988 0.985 0.975 0.97 0.96 0.95 
mid-layer heights  12 37 61 86 111 144 186 227 290 374 
sigma levels 0.94 0.93 0.92 0.91 0.895 0.88 0.865 0.85 0.825 0.8 
mid-layer heights  459 545 631 717 826 958 1092 1226 1409 1640 
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Table 2: Summary of LLJ and near surface stability and turbulence parameters observed during the study period. See text for details about the 1112 

definitions of the parameters. The numbers in the first column refer to the day in July 2003. 1113 

Day (𝑈𝐿𝐿𝐽)
𝑚𝑎𝑥

 

[ms-1] 

Us 

[ms-1] 

(𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑚𝑎𝑥

 (𝑈𝐿𝐿𝐽 𝑈37⁄ )
𝑚𝑎𝑥

 (𝑈80 𝑈37⁄ )𝑚𝑎𝑥  𝑅𝑖𝑛𝑖𝑔ℎ𝑡  𝑅𝑖𝑑𝑎𝑦  𝑈𝑡,𝑛𝑖𝑔ℎ𝑡  

[ms-1] 

𝑈𝑡,𝑑𝑎𝑦 

[ms-1] 

(𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡  (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 

2 17.2 7.6 2.3 N/A N/A 0.12 -0.22 N/A N/A N/A N/A 

3 14.4 7.8 1.8 N/A N/A 0.21 -0.17 N/A N/A N/A N/A 

5 19.4 8.0 2.4 3.6 1.3 0.08 -0.18 1.0 N/A 0.20 N/A 

6 21.7 9.8 2.2 3.9 1.3 0.06 -0.07 1.0 1.7 0.18 0.23 

7 21.1 9.9 2.1 3.4 1.4 0.04 -0.12 1.0 1.5 0.19 0.21 

8 20.5 9.8 2.1 3.5 1.3 0.07 -0.08 1.1 1.5 0.19 0.21 

11 21.0 10.8 2.0 3.5 1.4 0.09 -0.09 1.0 1.6 0.16 0.23 

12 19.5 9.8 2.0 3.6 1.4 0.24 -0.26 0.9 1.5 0.17 0.28 

13 20.8 10.9 1.9 3.5 1.4 0.07 -0.14 1.1 1.4 0.18 0.22 

14 22.5 10.9 2.1 3.2 1.3 0.04 -0.10 1.4 1.6 0.18 0.23 

15 17.6 6.8 2.6 3.0 1.4 0.15 -0.21 1.0 1.4 0.18 0.21 

16 17.6 8.4 2.1 4.1 1.6 0.18 -0.24 0.7 1.3 0.16 0.25 

17 15.1 6.9 2.2 3.6 1.7 0.25 -0.27 0.5 1.3 0.13 0.25 

18 16.2 6.6 2.5 4.4 1.7 0.19 -0.37 0.4 1.2 0.12 0.36 

24 18.7 7.7 2.4 3.1 1.4 0.04 -0.25 1.0 1.5 0.18 0.24 

25 19.0 8.7 2.2 3.2 1.4 0.03 -0.20 1.2 1.5 0.18 0.21 

26 18.4 6.9 2.7 3.2 1.3 0.10 -0.37 1.0 1.5 0.18 0.30 

27 17.8 6.5 2.7 3.6 1.5 0.11 -0.38 0.8 1.4 0.16 0.30 

Max 22.5 10.9 2.7 4.4 1.7 0.25 -0.07 1.4 1.7 0.20 0.36 

Min 14.4 6.5 1.8 3.0 1.3 0.03 -0.38 0.4 1.2 0.12 0.21 
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Figures   1115 

 1116 
Figure 1. (a) Map of Oklahoma with the locations of all Oklahoma Mesonet sites and (b) land use 1117 

categories (i.e., rural and urban) over the study area around Oklahoma City retrieved from the 2006 1118 

National Land Cover Data. The locations of six rural Mesonet sites around Oklahoma City (i.e., ELRE, 1119 

GUTH, KING, MINC, NRMN, and SPEN) are marked by dots, the Argonne National Lab (ANL) site is 1120 

marked by a square, and the Tyler Media (TM) tower is marked by a star on panel (b). The 1121 

background colour in (a) shows the terrain height in km. (c) Map of model domains and terrain 1122 

heights (in km) used for the WRF simulations. 1123 
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 1124 

Figure 2. Time-height diagram of (a) wind speed and (b) wind direction in July 2003 at the ANL site 1125 

observed with a boundary-layer radar wind profiler, and (c) time series of Richardson number (𝑅𝑖) 1126 

averaged over six Oklahoma Mesonet sites. Periods of sunset to sunrise (i.e., 1942-0527 CST) are 1127 

shaded in the middle panel. Note the heights in panels (a) and (c) are above ground level and the 1128 

daytime values of Ri on some days are lower than -0.4, but this lower limit was chosen to better 1129 

document the Ri values during the early-evening transition and at night.. 1130 
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 1132 

Figure 3. (a-c) Observed averaged daytime and nighttime wind profiles for the 18 days included in 1133 

the analysis and (d-f) corresponding normalized profiles whereby the wind speed at 800 m above 1134 

ground from the daytime profile is used as scaling velocity Us for both daytime (solid lines) and 1135 

nighttime (solid lines and circles) profiles. The vertical axis refers to the height a.g.l in km. See text 1136 

for more details. 1137 
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 1139 

 1140 

Figure 4. Temporal evolution of (a) LLJ strength ULLJ, (b-c) wind speeds measured with sonic 1141 

anemometers at the TM tower at 37-m (U37) and 80-m (U80) above ground, (d-e) friction velocity u* 1142 

and turbulent velocity scale Ut,, both also measured  with the 37-m sonic anemometer, and (f) 1143 

stability parameter Ri computed from wind and temperature data at six rural Mesonet sites using Eq. 1144 

(3). All wind speeds are plotted in m s-1 and the legend refers to the day in July 2003. 1145 
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 1147 

 1148 

Figure 5. Temporal evolution of (a) relative LLJ strength ULLJ/Us, (b) wind speed ratio U37/ U80 which 1149 

serves as shear parameter, and (c) turbulence intensity Ut/ U37. Panels (d-f) show the same three 1150 

parameters but plotted as a function of the stability parameter Ri instead of as a function of time. The 1151 

legend refers to the day in July 2003. 1152 
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 1154 

 1155 

Figure 6. Plots of relative LLJ strength ULLJ/Us and shear parameters U37/ U80 and ULLJ/ U80 versus (a) 1156 

night-to-day change in stability Rinight- Riday (b) daytime stability Riday, (c) nighttime stability Rinight, (d) 1157 

night-to-day change in turbulence intensity (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡/(𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦  (e) daytime turbulence 1158 

intensity (𝑈𝑡 𝑈37⁄ )𝑑𝑎𝑦 , and  (e) nighttime turbulence intensity (𝑈𝑡 𝑈37⁄ )𝑛𝑖𝑔ℎ𝑡 . See text for more details.     1159 
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 1162 

Figure 7. Similar to Fig. 6, but instead of normalized velocities absolute velocities are plotted against 1163 

(a) night-to-day change in stability Rinight- Riday (b) daytime stability Riday, (c) nighttime stability Rinight. 1164 

In panels (d-f), the normalized velocities are plotted against turbulent velocity scales instead of 1165 

turbulence intensities. See text for more details.   1166 
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 1169 

 1170 

Figure 8. (a,b) Time–height diagram of horizontal wind speed observed by the boundary layer wind 1171 

profiler overlaid with the time series of turbulent velocity scale 𝑈𝑡  and frictional velocity 𝑢∗ and (c,d) 1172 

time series of mean inversion strength (∆T between 1.5 and 9 m) and 𝑅𝑖 at the six mesonet sites 1173 

during the periods of (left) July 7-9 (DOY 188-190) and (right) July 17-19, 2003 (DOY 198-200). 1174 

Periods of sunset to sunrise are shaded in the bottom panel. 1175 

 1176 

 1177 

 1178 

 1179 
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 1181 

Figure 9. Time-height diagram of (a,b) horizontal wind speed U(z) and (c,d) eddy diffusivity for heat 1182 

𝐾ℎ  during the periods of (left) July 7-9 (DOY 188-190) and (right) July 17-19, 2003 (DOY 198-200) 1183 

simulated by WRF with the default YSU PBL scheme (i.e., 𝑎 = 5).  1184 
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 1186 

 1187 
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 1188 
Figure 10. Vertical profiles of (a,b) eddy diffusivity 𝐾ℎ , (c,d) wind speed U(z), and (e,f) potential 1189 

temperature 𝜃 over Oklahoma City at 05 LT on (left) July 8 and (right) July 18, 2003 simulated by 1190 

WRF with the YSU PBL scheme with the coefficient 𝑎  of Eq. (5) varying from 0.1 to 10. The locations 1191 

of the jet noses are marked with dots. 1192 
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 1193 

Figure 11. Time series of (a,d) maximum wind speed 𝑈𝐿𝐿𝐽, (b,e) relative LLJ strength 𝑈𝐿𝐿𝐽 𝑈𝑠⁄  and (c,f) 1194 

peak value of the eddy diffusivity 𝐾ℎ𝑝  in the boundary layer during the periods of (a-c) July 7-9 (DOY 1195 

188-190) and (d-f) July 17-19, 2003 (DOY 198-200). Results from WRF model sensitivity tests with 1196 

the default YSU PBL scheme and three different values of the coefficient a in Eq. (5) are compared 1197 

against the observations (obs).  1198 
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 1199 

Figure 12. Variation of (a) relative LLJ strength (𝑈𝐿𝐿𝐽 𝑈𝑠⁄ )
𝑛𝑖𝑔ℎ𝑡

 and (b) maximum wind speed 1200 

(𝑈𝐿𝐿𝐽)
𝑛𝑖𝑔ℎ𝑡

 with the ratio of nighttime to daytime eddy diffusivity 𝐾𝑚𝑖𝑛/𝐾𝑚𝑎𝑥 . The data plotted are 1201 

based on the WRF model results shown in Fig. 11. 1202 
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