
1. Introduction
The Great Plains Low-Level Jet (GPLLJ) stretches from Texas into Nebraska with a climatological maximum 
over northern Oklahoma and southern Kansas (Bonner, 1968; Hoecker, 1963; Mitchell et al., 1995; Song 
et al., 2005). The LLJ is an integral component in the atmospheric system over Kansas and has been the 
focus of many studies. It transports boundary-layer moisture from the Gulf of Mexico deep into the interior 
of the continental United States with estimates that up to one third of the moisture flux is associated with 
the LLJ (Helfand & Schubert 1995; Higgins et al., 1997). Initiation and maintenance of organized convec-
tion is favored at the northern nose of the LLJ, with the resulting precipitation contributing substantially 
to the annual total (Tuttle & Davis, 2006). Increased wind speed associated with the LLJ is important to the 
production of electricity from wind farms but can also have detrimental effects due to increased vertical 
shear and nighttime turbulence near the wind turbine hub height, which puts more stress on the rotors 
(e.g., Zhang et al., 2019).

Formation of a LLJ can be tied directly to transient synoptic features such as leeside troughing or the in-
teraction between the lee trough and an upper-level jet (Uccellini, 1980), but a LLJ often forms without 
these transient features. The Great Plains LLJ is common during the warm season since there is a favorable 
synoptic low-level pressure gradient associated with the semi-permanent Bermuda high. This sets up a 
background state that drives a persistent southerly flow that is frequently connected to jet events such that 
the mean low-level flow is referred to as the “climatological Great Plains LLJ” (Cook et al., 2008). The large-
scale pressure gradient over the Great Plains is enhanced by the mean summertime heating of the sloping 
terrain since it establishes a mean isobaric temperature gradient that, by thermal wind arguments, enhanc-
es the horizontal pressure gradient (Bonner & Paegle, 1970). The LLJ becomes most pronounced over night 
when the turbulent mixing near the surface decreases and the boundary-layer decouples from the surface. 
Nighttime wind speeds typically peak around 15–20  s−1 at 300–800 m above the surface. There is a lingering 
debate over the causes of the LLJ, but mechanisms that support its formation include an inertial oscillation 
(Blackadar, 1957; Parish & Oolman, 2010; Shibuya et al., 2014), baroclinicity associated with sloping terrain 
(Holton, 1967), conservation of potential vorticity (Zhong et al., 1996), and large-scale meteorological forc-
ing (Song et al., 2005). The Great Plains LLJ is still an active area of research after decades of investigation 
(e.g., Gebauer & Shapiro, 2019; Jahn & Gallus, 2018; Parish & Clark, 2017; Smith et al., 2019).

Eddy-covariance observations have been used to assess the impact of the LLJ on near-surface turbulence. 
Prabha et al. (2007) investigated the role of the LLJ on low-frequency turbulent dynamics and found that 
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strong LLJ conditions were associated with a reduction in the low-frequency contributions because of ex-
treme shear, but that moderate LLJ conditions exhibited significant low-frequency contributions and signif-
icant intermittent turbulent bursts. These low-frequency contributions were shown to result in counter-gra-
dient fluxes (Prabha et al., 2007).

Using three months of eddy-covariance tower data, Duarte et al. (2015) showed that the presence of the 
LLJ usually resulted in more developed turbulence and an increase in turbulent intensity. El-Madany 
et al. (2014) found similar results, with the LLJ associated with increased turbulent intensity and impacting 
the vertical velocity spectra. Karipot et al. (2008) found that the alteration of the turbulent flow accompany-
ing LLJ events resulted in building up and venting of CO2 fluxes within a forest canopy.

Each of the above cases used only a limited amount of eddy-covariance observations (up to several months) 
to assess the impact of the LLJ on turbulent flow near the surface. The goal of the present work is to explore 
the generality of the above results by employing a long-term data set of near-surface turbulent measure-
ments. We wish to extend the previous work by assessing the impacts of both the presence and intensity of 
the LLJ to further characterize to what extent the LLJ alters near-surface turbulent dynamics.

2. Methods
2.1. Eddy-Covariance Data and Processing

The Konza Prairie Ameriflux site (US-KON) is used to assess the impact of the LLJ on surface-layer turbu-
lent characteristics. The Konza Prairie is located south of the city of Manhattan in north-central Kansas. 
The site is a native tallgrass prairie, burned annually, and experiences annual precipitation of 844 mm. For 
further details on the site and local characteristics, the reader is referred to Brunsell et al. (2014) and Logan 
and Brunsell (2015).

Turbulence data at the site were collected at 3 m above the surface. Three-dimensional wind components, 
temperature, humidity, and carbon dioxide concentration were collected at 20  Hz using a triaxial sonic 
anemometer (CSAT-3, Campbell Scientific, Logan UT, USA) and a Li-Cor infrared gas analyzer (LI-7500, Li-
Cor, Lincoln, NE, USA). Springtime (March-May) data for 2008–2017 were used in this analysis. The LLJ is 
predominantly a warm season phenomenon. Springtime data was therefore chosen for the present analysis 
to maximize a large number of events while minimizing issues with seasonal variation in the variables of 
interest. Data were filtered so that only nighttime (6 p.m. to 6 a.m.) half-hour periods with 100% data were 
used.

Any outliers with an absolute value greater than the mean ±5 standard deviations for that half-hour period 
were removed. A coordinate rotation was applied to every half-hour following Kaimal and Finnigan (1994). 
The Obukhov length was computed from the half-hourly quantities as   3

* / ( )L u T kgw T  where u* is the 
friction velocity, T is the temperature, k is the von Karman constant (0.4), g is the acceleration due to gravity 
(9.8 m s−2), and  w T  is the kinematic heat flux.

Fourier transforms of the wind data were calculated for every half-hour period that exhibited statically 
stable conditions (z/L > 0, where z is the tower height). Linear trends are removed and a Welch window is 
applied to the ends of the data prior to the Fourier transform. The half-hourly spectra are normalized by the 
frequency and mean horizontal (U ) wind speed to facilitate comparison across time periods with different 
flow characteristics. The normalized spectra are then averaged by LLJ criteria (explained below) by bin 
averaging in the normalized frequency range. In addition, the spectra presented here are smoothed in log 
space to facilitate visualization.

2.2. Quadrant Analysis

Quadrant analysis is used to determine to what extent the LLJ alters the characteristics of the surface-lay-
er flow. We follow the analysis and techniques outlined in Katul et al. (1997). We define the quadrants as 
Q1: u′ > 0; w′ > 0, Q2: u′ > 0; w′ < 0, Q3: u′ < 0; w′ < 0, Q4: u′ < 0; w′ > 0. Quadrant Q1 is the outward 
interactions, Q2 represents the sweeps, Q3 is the inward interactions, and Q4 is the ejections. Q1 and Q3 
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represent counter-gradient contributions to the flux (   0u w ), relative to the Reynolds-average profile of u 
that increases with height, whereas Q2 and Q4 represent the downgradient contributions to the momentum 
flux.

The contribution of each quadrant i to the momentum flux is quantified as:
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A particular interest here is how the LLJ potentially alters the contribution of sweeps and ejections to 
the total momentum flux. To assess this, we examine the difference in the contributions of Q4 and Q2 
(ΔS0 = S4 − S2).

This difference can be quantified as:
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where Ruw is the correlation between u and w, calculated over the time period Tp:
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The dimensionless third-order moments Mij are given by:
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where the i and j denote the power to which the w and u are raised. The sum of i and j must be equal to three 
in this case, due to these being the third moments. The third-order moments inform us about the symmetry 
of the underlying distribution (i.e., the skewness).

2.3. Determination of Low-Level Jet

There are several ways to obtain wind profiles and identify the LLJ. Rawinsondes provide in situ measure-
ments of the wind profiles, but operational soundings are typically limited to just twice-daily launches. 
Wind profiles can be derived from the Next Generation Weather Radar (NEXRAD) by assimilating Doppler 
velocities over the volume scan after a quality-control algorithm is applied, however the retrieved velocities 
are sensitive to the choice of assimilation scheme and there are also issues with data availability (e.g., Fast 
et al., 2008; Newsom et al., 2014). Reanalysis data sets are a common source used to obtain wind profiles to 
study the LLJ and are appealing given the uninterrupted, dynamically consistent assimilated data from a 
numerical model and multiple sources of observations.
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Several options for reanalysis exist, and the National Centers for Environmental Prediction (NCEP) North 
American Regional Reanalysis (NARR, Mesinger et al.,  2006) is chosen to follow other studies that use 
NARR to examine the LLJ (Doubler et al., 2015; Hodges & Pu, 2019; Yu et al., 2017). Characteristics of the 
LLJ (e.g., diurnal fluctuations, mean speed, and mean elevation) are similar between NARR and rawin-
sonde observations (Berg et al., 2015; Walters et al., 2014), making NARR a viable tool to assess the presence 
and intensity of a LLJ. NARR uses NCEP's Eta Model with a three-dimensional variational data-assimila-
tion framework that incorporates a diverse set of observations onto a 32-km horizontal grid with 45 vertical 
levels with data every 25 hPa below 700 hPa. Wind profiles are constructed using the wind on isobaric levels 
and the 10-m wind. Although a greater number of vertical levels would be helpful, Walters et al. (2014) and 
Berg et al. (2015) note that NARR is still suitable, but there is an underestimation of the frequency of strong 
(>20 m s−1) LLJs.

In the classic climatological analysis of LLJs by Bonner (1968), a LLJ occurs when there is a speed maxi-
mum below 3 km that is greater than 12 m s−1 and decreases at least 6 m s−1 above the maximum. More 
recent work (Andreas et al., 2000; Banta et al., 2002; Walters et al., 2008) also advocate that the wind shear 
below the jet maximum is included to ensure that a local maximum exists. The NARR wind profiles are 
used to classify the LLJ into four categories of intensity (C0, C1, C2, and C3) based on maximum wind speed 
below 700 hPa and the vertical wind speed shear, which is the wind speed difference between the maximum 
wind speed and minimum wind speed above (up to 700 hPa) or below the wind speed maximum.

Most studies follow Bonner's (1968) original classification with only minor modifications. The three cat-
egories used to classify the LLJ here are the same as Walters et al. (2008) where C1, C2, and C3 and are 
defined as jet speeds ≥12 m s−1 and vertical shear ≥6 m s−1, jet speeds ≥16 m s−1 and vertical shear ≥8 m s−1, 
and jet speeds ≥20 m s−1 and vertical shear ≥10 m s−1, respectively. If no LLJ is present, the profile is cat-
egorized as C0. LLJs are also restricted to only southerly LLJ events (i.e., the meridional component must 
be positive).

3. Results and Discussion
3.1. General Characteristics Under Different LLJ Criteria

Characteristics of the LLJ classification are shown in Figure 1 and reported in Table 1. In addition to the 
number of half-hour intervals, the percentage of samples that occurred in each category that also had 100% 
data in the half-hourly interval with respect to all possible half-hourly intervals is listed. The amount of 
half-hourly intervals with 100% data in each LLJ bin is 68%, 25%, 22%, and 20%, for C0, C1, C2, and C3, re-
spectively. The maximum speed of the jet is well-correlated with the classification, and the tail toward high-
er wind speeds of C0 is a result of not meeting the wind shear criteria or if the wind direction is northerly. 
For stronger wind speeds, the pressure level of the maximum wind speed decreases from 893 to 882 hPa, 
which is consistent with other climatologies, for example, Song et al. (2005).

The LLJ classification is also slightly related to the air temperature measured at the tower with stronger LLJ 
classes corresponding to warmer temperatures. This could be related to different synoptic conditions that 
are related to LLJ formation such as warm air advection or to local impacts such as entrainment of warm 
layer from aloft. Even though the LLJ is typically decoupled from the surface-layer, greater vertical wind 
shear associated with a stronger LLJ could increase the surface temperatures through greater entrainment 
of the warm air aloft. To provide a rough estimate of the relative contribution, the temperature from rea-
nalysis data just above the surface, which is presumably in the residual layer, is an indication of the back-
ground temperature. There is a 3 K difference in the background temperature between C0 and C1, while 
the tower data indicates a 4 K difference. Since a LLJ is typically accompanied by warm air advection from 
the south, temperature advection explains much of the difference between no-LLJ and LLJ conditions. In 
contrast, between C1, C2, and C3 the surface temperature increases by about 2 K for each category, but the 
background temperature increases by <0.5 K for each step of category. This suggests that while some com-
ponent of the temperature is driven by enhanced warm air advection associated with stronger southerly 
winds, the other 1.5 K warming for each step of the jet category is likely related to enhanced vertical mixing 
near the surface.
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Figure 1. Density functions for (a) maximum LLJ velocity (m s−1), (b) Temperature [K], (c) friction velocity (u*) (m s−1), and (d) turbulent kinetic energy 
(m2 s−2) for different LLJ criteria classes: no LLJ (C0), weak LLJ (C1), medium LLJ (C2), and high LLJ (C3). LLJ, low-level jet.

LLJ
Number of 

observations
Pressure level of 

maximum LLJ (hPa)
Max LLJ 

speed (m s−1)
3-M 

temperature (K)
u* (m 
s−1) z/L

TKE 
(m s−2) σu/u* σv/u* σw/u*

 /u U  /v U  /w U

C0 6181 – 10.853 284.490 0.046 3.21 0.612 24.684 21.249 9.152 0.230 0.190 0.089

C1 529 893.0 15.029 288.676 0.078 1.56 0.767 14.403 11.850 5.981 0.195 0.156 0.088

C2 301 889.4 19.176 290.301 0.089 1.32 0.854 12.928 10.578 5.122 0.196 0.157 0.082

C3 158 882.8 24.813 292.591 0.098 1.09 1.012 13.340 11.010 5.005 0.202 0.175 0.079

Abbreviation: LLJ, low-level jet.

Table 1 
Mean Values of LLJ and Turbulent Characteristics for Each LLJ Class
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The increased wind speed is also correlated with an increase in the ob-
served friction velocity (u*). This is the first indication that the LLJ does 
have an impact on surface-layer turbulence characteristics. While the in-
crease in friction velocity would be observed in response to an increase in 
wind speed, we maintain that this increase is directly due to the LLJ since 
this is a dominant mechanism for increasing wind speeds aloft and thus 
impacts the surface-layer properties. The increase in LLJ magnitude also 
impacts the turbulence kinetic energy (TKE: 0.5(u′2 + v′2 + w′2)), with 
the TKE rising from 0.612 m2 s−2 in non-LLJ case to 1.012 m2 s−2 in C3. 
The long tail of large TKE values in C3 is particularly noteworthy.

The velocity standard deviations normalized by the friction velocity u* 
are shown in Figure 2. Note that due to the nocturnal turbulence being 
less well developed than daytime conditions, the u* values are smaller 
than corresponding daytime values, resulting in the normalized standard 
deviations being larger. For each component of the flow, the presence 
of the LLJ coincided with a reduction of normalized standard deviation 
of approximately 50% (Table 1). The non-LLJ cases exhibited higher fre-
quencies of larger normalized standard deviations in the tail of the dis-
tribution. The non-LLJ cases are generally associated with weaker turbu-
lence and less shear than if an LLJ was present. This lack of turbulence 
is likely the reason for the higher contributions in the tail of the distribu-
tion. The peak σw/u* lies at values smaller than σu/u* and σv/u* and sug-
gests anisotropy in the structure of the turbulent flow. Additionally, σu/u* 
is consistently larger than σv/u*, again suggesting anisotropic turbulence 
(recall that the coordinate system is rotated such that u is in the direction 
of the mean wind). Curiously, the normalized standard deviations were 
insensitive (invariant) to increasing LLJ strength; the main differences in 
the statistics were between the absence and the presence of the LLJ. We 
also computed the dimensionless turbulent intensities ( /u U,  /v U , 
and  /w U ). The differences among these quantities are analogous to the 
behavior of σu/u*, σv/u*, and σw/u* above, implying again that the turbu-
lence is anisotropic.

3.2. Spectral Analysis Under Different LLJ Criteria

The power spectra for the u, v, and w wind components as a function 
of normalized frequency ( /fz U, where z is the measurement height of 
3m) are shown in Figure 3 for each LLJ case. For the u spectra, there was 
a noticeable impact for the intermediate and strong LLJ cases (C2 and 
C3) in which the power is generally reduced at all frequencies. In the 
case of the v component, there was an increase in the contribution of the 
low frequencies in C1–C3 (below approximately 0.1), a shift in the peak 
contribution to a lower frequency, and a slight reduction in the middle 
frequencies relative to the non-LLJ case. The w-spectra show relatively 
little variation across the LLJ classifications, with a slight increase in the 

low frequencies (below 0.2) and little to no change in the mid-frequencies. There is a noticeable drop in the 
highest frequency contributions in the C2 and C3 cases. While it is unclear exactly what the cause of the 
high-frequency dropoff is, it may be due to the frequency normalization in these cases. It is unlikely to be an 
instrumentation issue as these cases are distributed across the time period and interspersed with the other 
cases that are observed with the same instrument.

The profoundly different shapes of the u and v normalized power spectra may be an indication that the 
turbulence is anisotropic. Most noticeable is the greater contribution to power at low scales for the u 
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Figure 2. Density functions for the normalized velocity standard 
deviation (a) σu/u*, (b) σv/u*, and (c) σw/u* wind components for the 
different LLJ criteria classes. LLJ, low-level jet.
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component, hinting at the importance of mesoscale aspects of the tur-
bulence. The v component contained a greater fraction of its power at 
smaller scales ranging from 0.5 to 4.0, the reason for which is not obvious. 
This anisotropy would be consistent with the existence of shear-driven 
coherent structures (streaks) oriented along the shear-parallel direction 
(Khanna & Brasseur, 1998; Moeng & Sullivan, 1994). Unlike horizontal 
convective rolls (Alpers & Brümmer, 1994), buoyancy-generation mech-
anism are not required to form these streaks. We acknowledge that this 
explanation is speculative, since anisotropy does not automatically guar-
antee these streaks are present. Power spectra in the cross-streak (v) 
orientation would presumably contain higher frequency contributions 
associated with the streak structures, whereas spectra along the streak 
long axes would be characterized by lower-frequency, mesoscale contri-
butions. The w-spectra contain little power at the larger scales and peak 
at scales roughly corresponding to the depth of the shallow decoupled 
surface-layer.

In order to further examine the possible role of the anisotropy of the flow 
and how the LLJ impacts the relative contribution of the wind compo-
nents, we examined the ratio of the normalized spectra for Sv and Sw rel-
ative to the Su component (Figure 4). In the case of isotropic turbulence 
this ratio would be expected to be 4/3. For the v component under non-
LLJ conditions, the v spectra were generally less than the u component 
at lower frequencies (<0.5), and the ratio approaches the theoretical 4/3 
value in the inertial subrange. This general trend was still observed under 
the presence of the LLJ. There does not appear to be a systematic altera-
tion of the spectral ratios with increasing strength of the LLJ.

The relative contribution of the w component is shown in Figure 4b. In 
this case, the same general trend is observed, with little to no variation 
due to the presence or magnitude of the LLJ. However, in this case we 
note that the ratio of the Sw/Su reaches a maximum value of approximate-
ly one in the inertial subrange rather than the expected 4/3 value that 
would be present under isotropic conditions.

3.3. Sweep-Ejection Characteristics Under Different LLJ Criteria

The distribution of the correlation Ruw for the different LLJ classes is 
shown in Figure 5a and Table 2. Under no LLJ conditions (C0), there is 
a bimodal distribution to the correlation factor with peak correlations at 
0.2 and −0.26. The positive correlations could potentially be attributed to 
the lack of shear relative to periods when an LLJ is present (and hence 
weaker vertical gradient in the mean U in the C0 class). Another possi-
ble explanation for the positive Ruw could be the weak turbulence during 
these conditions, resulting in intermittency in the turbulence. This could 
result in half-hour periods with a few strong eddies moving counter to 
the gradient and resulting in a positive correlation during these periods. 
With the presence of the LLJ, almost all of the time periods are exhibiting 
the expected negative correlations associated with downward momen-
tum transport. The Ruw correlation decreases slightly with increasing LLJ 
case, with mean values of C1: −0.24, C2: −0.21, and C3: −0.19. To better 
understand how the presence and magnitude of the LLJ impacts the flow 
beyond the means and correlations, we investigate the sweep and ejection 
characteristics associated with each LLJ class.

BRUNSELL ET AL.

10.1029/2020JD034083

7 of 13

Figure 3. Normalized power spectra for (a)  2/u uS , (b)  2/v vS , and (c) 
 2/w wS  as a function of normalized frequency ( /fz U) for different criteria 

of low-level jet. Dashed lines show the −2/3 slope for reference.
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Figure  5b shows the difference in the sweeps (Q2) and ejections (Q4), 
ΔS0. The data do not show a strong preference for sweeps versus ejec-
tions for any of the LLJ classifications. For non-LLJ conditions, there is 
a small difference of −0.07 (standard deviation: 1.69). With the presence 
of a LLJ, the mean values for ΔS0 are all slightly positive. For the C1 case, 
the difference increases to 0.16 (4.82) indicating a slight dominance by 
ejections. As the LLJ increases to C2, the difference in contributions from 
sweeps decreases (mean: 0.024, standard deviation: 0.35). For C3, the dif-
ference decreases further to a mean of 0.095 with an increased standard 
deviation of 0.66.

The alterations of the sweep-ejection characteristics are seen with slight 
changes to the percentage of time within each quadrant during the half-
hour periods (not shown). With the presence of the LLJ, there is a slight 
increase in the percentage of time in quadrants 2 and 4, with slight de-
creases in quadrants 1 and 3. The distributions do not change as a func-
tion of intensity of the LLJ.

The relative contributions of each quadrant to the total momentum flux 
during each LLJ class is shown in Figure  6. Recall that S1 and S3 are 
the contributions from the outward and inward interaction quadrants 
respectively. These quadrants both represent counter-gradient flow rel-
ative to the downward flux of momentum. Quadrants S2 and S4 are the 
contributions to the flux from sweeps and ejections, respectively. Under 
non-LLJ conditions, there is a bimodal distribution in each quadrant with 
relatively equal additions from both positive and negative contributions 
to the total flux. For weak LLJ conditions, there is a pronounced contribu-
tion from the negative (S1 and S3) and positive (S2 and S4) contributions 
to the flux. With increasing LLJ magnitude, the peak of this relative flux 
contribution decreases, with the contribution PDFs becoming slightly 
more dispersed.

The distributions of the third-order moments calculated from Equation 6 
are shown in Figure 7. These moments are impacted by both the pres-
ence and magnitude of the LLJ. The most significant changes are seen 
in M03 and M12, with the mean of both increasing with the strength of 
the LLJ. For the M03, the mean (standard deviation) of each distribution 
changes from −0.10(14.32) for C0, to 0.20(4.19) for C1, to 0.40(4.92) for 
C2 and 1.60(3.44) for C3. The M12 values are −0.015(0.33), −0.002(0.53), 
0.019(0.12), and 0.05(0.32). The small positive values of M30 imply a slight 
preference for stronger, narrow updrafts and weaker, broader downdrafts, 
although the mean values for the M30 and also M21 do not vary significant-
ly with LLJ magnitude.

4. Conclusions
We have investigated the impact of the presence and intensity of the 
Great Plains low-level jet on the surface-layer turbulent characteristics 

using a long-term data set of eddy-covariance observations. We found that the presence of the LLJ alters 
the distribution of the normalized wind velocity standard deviations and the turbulence intensity. Spectral 
analysis indicates that the presence of the LLJ leads to substantial differences in the u and v spectra, imply-
ing anisotropy that we attribute to possible mesoscale organization in the form of low-level boundary-layer 
streaks in the along-shear direction (oriented with the mean flow). The v-spectra and w-spectra also differ 
substantially, indicating substantial flow anisotropy between vertical and horizontal components. In times 
where the strongest LLJ are present, there is a noticeable decrease in the high-frequency contributions to 
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Figure 4. Ratio of the (a) (Sv/Su) power spectra as a function of 
normalized frequency ( /fz U  and (b) (Sw/Su) power spectra for different 
criteria of low-level jet.
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the w-spectra. In addition to the LLJ effects on flow isotropy, we found 
that the LLJ alters the correlation between u and w and the nature of the 
sweeps and ejections in the surface-layer.

Although the presence of the LLJ alters these characteristics, the inten-
sity of the LLJ appears to have minimal impact. The intensity of the LLJ 
does impact the distribution of the relative contribution by each quadrant 
to the flux. With increasing LLJ intensity, the peak of the distribution is 
decreased and the distribution becomes more dispersed. This behavior is 
also indicated in increases in the third-order moments M03 and M12, while 
the M30 and M21 moments are not significantly impacted by the intensity 
of the LLJ.

Our results generally confirm the results from previous studies con-
ducted on shorter time periods. While we see some alteration of the 
turbulent intensity, we find the dominant impacts to be on the distri-
butions of the flow under conditions when a LLJ is present. Similar to 
Prabha et  al.  (2007) and El-Madany et  al.  (2014), our results demon-
strate that the LLJ impacts the spectra, most dominantly at the lower 
frequencies. The analysis of the sweep and ejection characteristics and 
the third-order moments show the increasing roles of the both negative 
and positive contributions of the flux. This implies a strong alteration 
of the flow, with some of those contributions being counter-gradient 
similar to Prabha et al. (2007). This alteration of the flow and the role 
of potential counter-gradient contributions to the flux could be respon-
sible for the trend in the correlation coefficients with increasing LLJ 
magnitude.

Given our focus on assessing the potential impacts of the presence and 
magnitude of the LLJ, we do not explicitly account for the role of sta-
bility on alteration of the surface-layer statistics. Our determination of 
the LLJ criteria does take into account changes in the mean wind profile 
and the criteria also represents changes of the shear profile. These two 
factors may alter the surface-layer stability observed at the tower. The re-
sponse of surface-layer turbulence should be primarily influenced by the 
presence and intensity of the LLJ, but future studies should examine the 
potential combined effects of changes in the LLJ in relation to changes in 
surface-layer stability.

Our findings are relevant to broader issues such as surface pollution. Pre-
vious studies include Corsmeier et al. (1997) that use a case study during 
one night to examine a secondary nocturnal ozone maximum related to a 
LLJ over a rural site in Germany. Hu et al. (2013) also focus on how over-
night the ozone can be mixed down from the residual layer into the sur-
face layer by the enhanced shear below the LLJ. Neither study sought to 
characterize the anisotropy of the turbulence. Using our multiyear data 
that offered a larger sample of LLJ conditions, we were able to investigate 

if the LLJ strength impacts the turbulence characteristics over a native tallgrass prairie. Although pollution 
is typically thought of as an urban concern, annual burning of the prairie in Kansas can produce poor air 
quality over a large portion of the state (Baker et al., 2016). If a LLJ is present, it greatly impacts the trans-
port and mixing of pollutants.

In conclusion, we note that the presence of the LLJ unequivocally impacts the nature of surface-layer tur-
bulence. While many of these factors are sensitive only to the presence of the LLJ, other factors, such as the 
correlation and some of the third-order moments are sensitive to both the presence and the intensity of the 
LLJ.
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Figure 5. Distribution of (a) correlation between u and w and (b) 
difference in sweeps and ejections as a function of LLJ criteria class. LLJ, 
low-level jet.
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LLJ Ruw ΔS0 S1 S2 S3 S4 M03 M30 M21 M12

C0 0.000 −0.072 0.247 0.253 0.253 0.245 −0.110 0.115 −0.016 −0.013

C1 −0.240 0.160 0.197 0.282 0.219 0.281 0.206 0.149 0.014 −0.003

C2 −0.218 0.024 0.201 0.279 0.222 0.280 0.402 0.132 0.012 0.021

C3 −0.191 0.095 0.204 0.277 0.231 0.284 1.621 0.116 0.080 0.053

Note. S1–S4 are the fractional contributions of each quadrant to the total flux.
Abbreviation: LLJ, low-level jet.

Table 2 
Mean Values of Sweep-Ejection Parameters for Each LLJ Class

Figure 6. Distribution of flux contributions from quadrants 1–4 as a function of LLJ criteria class. LLJ, low-level jet.
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Data Availability Statement
All data presented in this paper are available on the University of Kansas computing system at 
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