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CHAPTER I 

INTRODUCTION 

 

 The presence of nocturnal low-level jet (LLJ) streams across the Great Plains of 

the United States has been well documented over the last fifty years. These features are 

quite common in the stable boundary layer, one of the main sources of moisture transport 

across the Great Plains, and play an important role in the development of mesoscale 

convective systems (Means, 1952; Maddox, 1983). The climatology of these features has 

been researched in detail as well. Comprehensive studies by Bonner (1968), Mitchell et 

al. (1995), and Whiteman et al. (1997) have shown that the Great Plains exhibits the 

highest frequency of low-level jets, with a maximum during the warm season months of 

May through September.  

There is considerably less known about the turbulent environment associated with 

a low-level jet feature. Only recently have studies been conducted to characterize the 

shear beneath the jet maximum and the instabilities which wind shear can generate. 

Intense wind shear often occurs in the shallow layer between the surface and the jet 

maximum. This shear is responsible for the development of turbulent motions, such as 

Kelvin-Helmholtz instabilities. Banta et al. (2002) has shown that these instabilities exist 

beneath the jet maximum and are responsible for bursts of turbulence throughout the 

duration of the jet.  Understanding the turbulent structure of low-level jets is vital as more 

structures come in contact with the layer beneath the jet maximum. The emergence of 

wind power as a major energy resource represents a clear reason why the clarification of 

the structure of low-level jets must be gained. The major wind resource in the United 

States resides across the Great Plains, which so happens to be the region, which 

experiences the highest frequency of low-level jets (Whiteman et al., 1997). Wind 

turbines currently extend to heights near 150 meters, with the next generation of wind 

energy systems extending up to 200 meters. The turbine is subjected to intense shear and 

corresponding turbulence during a low-level jet event. These characteristics can result in 

a significant structural response and the corresponding shut down of the turbine (Kelley 
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et al., 2004). The correlation between the structure of the jet feature and the turbulence it 

generates will allow for improved turbine design to mitigate this impact.  

The facilities at Texas Tech University’s (TTU) Wind Science and Engineering 

Research Center, located at Reese Technology Center, Texas (west of Lubbock, Texas) 

provide an excellent platform for studying the turbulent nature of low-level jets. The 

primary tools for this investigation are an instrumented 200-meter tower and the West 

Texas Mesonet boundary layer profiler (Schroeder et al., 2005). The specifications for 

both will be presented in Chapter III. Data from the two Reese instrument packages, 

coupled with additional data from the National Profiler Network (NPN) and National 

Weather Service soundings, comprise the dataset.  

This study focuses on nocturnal warm season jets, which are the most common 

over the Great Plains (Whiteman et al., 1997), though low-level jets occur in many 

different regions and are not confined to just the nocturnal boundary layer.  The criteria 

used for determining a low-level jet was adapted from Andreas et al. (1993) and 

Blackadar (1957). A low-level jet is represented by any wind speed profile that shows a 

clear jet maximum below 1 kilometer. Secondly, a decrease in wind speed by 1.5 m s-1 

above and below the maximum is required.  Three low-level jet events, fitting the criteria, 

are examined. The major objectives of this study is to obtain detailed wind field 

observations of the low-level jet and its progression throughout the nighttime, quantify 

the shear generated in the layer which would be occupied by wind energy systems, 

examine the stability of the layer beneath the jet maximum, and characterize the 

turbulence that is generated and its frequency. Observations of the transition period from 

the convective to the nocturnal boundary layer are also included, but not discussed in 

detail. Studies prior to 1999 have been able to identify and catalog low-level jet maxima 

but have been unsuccessful in resolving turbulent motions associated with low-level jets. 

This inability is due in part, to the limitations of the instrument platforms employed. The 

development of instrumented towers, capable of sampling the atmosphere at very high 

rates, and high resolution Doppler light detection and ranging (lidar) has provided the 

means to resolve turbulent motions which propagate throughout the nocturnal boundary 
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layer. The Cooperative Atmospheric Surface Exchange Study (CASES) field project 

(Banta et al., 2002; Blumen et al., 2001; Sun et al., 2002) and the field project in Lamar, 

Colorado sponsored by the National Renewable Energy Laboratory (NREL) (Kelley et al. 

2004) has shown the value of high resolution tower based measurements in examining  

turbulent structures. The achievement of the first objective is necessary in determining 

the layer in which shear instabilities may be present and can be accomplished through a 

time series analysis of wind speed data from the West Texas Mesonet boundary layer 

profiler, as well as tower data. The second objective is achieved through high-resolution 

data collected from the 200-meter tower. Turbulent statistics are calculated and compared 

to their mean state in the nocturnal boundary layer. A spectral analysis of the turbulent 

components of the wind is used to identify turbulent motions and their periods throughout 

the lifecycle of the low-level jet. The results from this study can be compared to previous 

work in order to expand the understanding of low-level jet phenomena and turbulent 

motions in the nocturnal boundary layer.  

The proceeding chapter discusses the background behind previous low-level jet 

studies, including climatologically based research, low-level jet forcing mechanisms, and 

structure of low-level jets.  These areas of research provide the necessary background 

information needed to complete this study. Chapter III details the types of 

instrumentation implemented on the 200-meter tower, as well as the specifications on the 

West Texas Mesonet boundary layer profiler. Chapter III also includes information 

regarding the quality assurance and control procedures developed for each of the two 

instrument platforms, and the various instrumentation difficulties that where encountered 

in each case. Chapter IV contains the analysis of each case, including synoptic 

conditions, low-level jet characteristics, and observations regarding the turbulent 

structure. Chapter V describes the results from the spectral analysis. Chapter VI 

summarizes the analysis, the results from each case, and recommendations for the future 

of low-level jet research. 

 3



CHAPTER II 

           BACKGROUND AND HISTORICAL RESEARCH 

 

2.1   Nocturnal Boundary Layer 

The structure and evolution of the nocturnal boundary layer play vital roles in the 

development of low-level jets. Therefore, it is necessary to have an understanding of how 

the nocturnal boundary layer develops and changes over time. Figure 2.1 is an example of 

how the structure of the boundary layer can vary over the course of an entire day.  

 

 
Figure 2.1.  Boundary layer evolution during a 24-hour period (Stull, 1988)   
 

The boundary layer can be broadly defined as the part of the atmosphere, which is 

directly affected by the earth’s forcing. The layer responds to this forcing on time scales 

less than 24 hours (Garratt, 1992). The depth of the boundary layer is a function of many 

different conditions. These include: time of day, mechanical generation of turbulence, 

and convection. The evolution of the boundary layer can be broken into two parts, the 

convective boundary layer and the stable or nocturnal boundary layer. The transition zone 

between the two is hardly well defined and is a major research topic in its own right. The 
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convective boundary layer is characterized by the buoyant production of turbulence 

dominating the mechanical production. The layer is statically unstable. The loss of 

daytime heating leads to the reduction in buoyant forcing, thus the mechanical production 

of turbulence is allowed to have a greater impact on the mean flow. For this study the 

convective boundary layer is ignored, though the evening transition to the nocturnal 

boundary layer is included within the individual datasets.  

The stable boundary layer develops as the land surface cools sufficiently so that it 

becomes cooler than the volume of air above (Stull, 1988). There is a time during the late 

afternoon when the surface heat flux changes sign from positive to negative. This change 

indicates that heat is now being transported away from the earth’s surface. The land 

continues to cool at a relatively higher rate, resulting in a temperature profile that 

increases with height through the depth of the boundary layer. This inversion is seen in 

the Amarillo, Texas, sounding in Figure 2.2 between 800 and 950 mb. Negative 

buoyancy creates a damping force on the large turbulent eddies, which populate the 

convective boundary layer. The smaller eddies are left relatively unaffected. The loss of 

large vertical motions associated with convection allows the boundary layer to stratify 

into distinct layers. The stability of each layer is highly dependent on the gradients of 

temperature and wind speed. Turbulent wave motions can be generated for cases of 

strong wind shear and small temperature gradients.  This result can lead to layers that are 

very turbulent and well mixed, or if there is little shear, a layer, which contains little or no 

turbulence at all (Stull, 1988). The lack of large-scale motions throughout the depth of the 

boundary layer allows the upper portion to decouple from surface frictional effects. The 

buoyant damping of turbulence begins to take place during the transition from the 

convective to the nocturnal boundary layer, large-scale motions then cease and 

decoupling occurs. The partitioning of the boundary layer is extremely important for the 

development of low-level jets. This decoupling acts to reduce the effects of surface 

friction on the mean flow, allowing for a rapid increase in wind speed, i.e., the low-level 

jet. The wind speed can often reach values greater than geostrophic (Stull, 1988).  The 

decoupling of the boundary layer alone is not responsible for the development of a well-
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defined low-level jet. This process only provides the necessary conditions for the winds 

to accelerate along the synoptic-scale pressure gradient. There are several forcing 

mechanisms at work contributing to the low-level wind maximum, often seen in the 

nocturnal boundary layer.  Section 2.3 will examine the three major types of forcing 

which contribute to low-level jet development.   
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Figure 2.2. Amarillo 12 UTC Sounding 21 June 2004. Inversion layer exists between 950 
and 800 mb.  
 
Source: http://vortex.plymouth.edu/uacalplt-u.html. 
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2.2   Analysis Methods of Wind Records

 The study of low-level jets hinges on the ability to characterize the wind, as well 

as the atmosphere it is moving through. The flow in the boundary layer is often highly 

turbulent and allows for the wind generated in low-level jet structures to vary with time. 

In order to conduct an analysis of a record, the dataset must be partitioned into segments 

that are quasi-stationary. The assumption made is Taylor’s hypothesis, which states that 

the turbulent eddies embedded in the wind do not change as they pass by the measuring 

sensor. This assumption becomes vital for high-resolution data from a stationary 

observing platform, such as an instrumented tower. The wind can now be considered to 

be a stationary process and can be described by statistics, such as mean and variance. The 

methodology for the computation of such statistics in the study presented is described in 

Chapter III.  Early studies of low-level jets did not utilize time-series analysis, but 

observations at a particular time. The turbulent characteristics of low-level jets though 

must be obtained through time-series analysis, as shown by Banta et al. (2002), Sun et al. 

(2002), and Kelley et al. (2004).   

 

2.3   Low-Level Jet Forcing Mechanisms

 The first of three low-level jet-forcing mechanisms to be discussed is the effect 

caused by inertial oscillations. Blackadar (1957) used balloon observations at a site in 

San Antonio, Texas, to study low-level jet features and their relation to the geostrophic 

wind. Blackadar uses the term significant maximum to denote where the wind speed at a 

given observation level exceeds that of the next higher level by at least 5 knots. The 

evolution of low-level jets fitting this criterion was found to be highly irregular. 

Fluctuations in wind speed and height of the maximum were found to be quite common, 

as well as values exceeding the geostrophic value of the wind speed. The wind was found 

to be supergeostrophic on 21 out of 23 observed cases (Blackadar, 1957). These cases 

were restricted to nights where an inversion was present and fit the following criteria:  
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1. Local time between 8 pm and 8 am 

2. Temperature increasing with height up to a single maximum within a distance of 

1000 meters of the surface 

3.  A significant wind maximum below 1000 meters above the surface 

4. Temperature decreasing with height up to 2000 meters at some time during the     

previous afternoon 

5. No obvious air mass change during the night or during the previous afternoon 

(Blackadar, 1957). The observations indicated a slight increase in the inversion height 

corresponding to a noticeable increase in the wind speed maximum. Turbulent transfer is 

the dominant control mechanism for the upward propagation of the nocturnal inversion. 

The main cause of this turbulence is the large wind shear associated with the wind speed 

maxima, as was discussed earlier. The turbulence is capable of supplying enough energy 

to overcome the stability of the layer. The possibility exists for turbulence to become 

great enough to destroy the inversion or inhibit it from even developing. Gifford (1952) 

noted that, despite the presence of significant wind shear and turbulence, the inversion 

still grew in height over the course of the nighttime hours. The wind shear is sufficient in 

the inversion layer to generate some turbulence, the presence of a wind maximum near 

the inversion level acts to control the generation of turbulence. Thus turbulence 

generation is only allowed to progress if other processes increase the shear or change the 

temperature profile (Blackadar, 1957). 

 The development of supergeostrophic wind speeds of a low-level jet structure 

near the top of the inversion layer can be explained by solving the following momentum 

equations for a deviation in the geostrophic wind: 

       ∂ / ∂t ( u – ug ) = f (v – vg)                                                                       (2.1) 

       ∂ / ∂t ( v – vg ) = - f (u – ug)  ,                                                                  (2.2)  

u, v, ug, vg are components of the wind and geostrophic wind. The Coriolis parameter is 

represented by f.  The above equations give the following for the nocturnal wind 

components, as derived by Stull (1988): 

       Unight  = Ug  + F u day sin (fc t)– Fv day cos (fc t)                                           (2.3) 
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       Vnight  = Vg  + F u day cos (fc t) – Fv day sin (fc t),                                         (2.4) 

where Fu day and Fv day  represent the departure of the wind from geostrophic.  

The magnitude of the departure remains constant but exhibits a rotation in direction to the 

right (Blackadar, 1957). The period for a complete revolution is one-half of a pendulum 

day, beginning at the change in sign of the vertical heat flux from positive to negative. 

The supergeostrophic wind speed maximum is reached about 6 - 9 hours after the 

oscillation begins, as it aligns with a mean southerly flow (Blackadar, 1957). The 

observed wind is the sum of the inertial oscillation velocity and the mean wind. This 

gives rise to the classic southerly Great Plains low-level jet. Lundquist (2000) has shown 

that low-level jets tend to have inertial oscillations at the height of their peak wind speed. 

The period of oscillation varies with latitude and can be found using the following 

equation:  

                    Inertial Oscillation Period = π / Ω sin φ,                                        (2.5) 

 φ is the latitude and Ω is the angular speed of rotation of the earth (Holton, 1992). 

The decoupling of the boundary layer during the nighttime hours allows for the wind to 

accelerate toward the geostrophic value. The Coriolis force then induces the oscillation in 

the wind leading to supergeostrophic values, often seen with low-level jets. Table 2.1 and 

Figure 2.3 show the inertial oscillation period as a function of latitude. The magnitude of 

the oscillation is dependent on the amount of departure from geostrophic values (Stull, 

1988). Kraus et al. (1985) found that nocturnal low-level jet maxima can be 2-5 m/s 

faster than geostrophic wind speed. Figure 2.4 illustrates an inertial oscillation at Fort 

Worth, Texas. The effect of inertial oscillations in wind speed accounts for the clockwise 

turning with the wind profile with time (Whiteman et al., 1997). The veering of the wind 

direction with time is a characteristic of the warm season Great Plains low-level jet. More 

recent studies have indicated that the height of the jet maximum does not correlate with 

the height of the nocturnal inversion. The jet maximum often occurs well below this 

height (Banta et al. 2002; Kelley et al., 2004; Mahrt, 1999).   
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Table 2.1.    Inertial oscillation periods for given latitudes. 
             
  Latitude          Period    

0                                                                      34.9 hrs 
25                                                                    28.3 hrs 
30                                                                    23.9 hrs 
35                                                                    20.9 hrs 
40                                                                    18.6 hrs 
45                                                                    16.9 hrs 
50                                                                    15.6 hrs 
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 Figure 2.3. Inertial oscillation as a function of latitude. The y-axis is the period of the 
oscillation in hours (Stull, 1988). 
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Figure 2.4. Diurnal variation of the low-level jet. The mean wind vector at the height of 
the jet maximum. This figure illustrates the effect of the inertial oscillation on a low-level 
jet observed at Fort Worth, Texas (Bonner, 1968). 
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  The second major forcing mechanism, thought to be responsible for the 

development of low-level jets is the baroclinicity generated by sloping terrain. This effect 

can be seen in the Great Plains of the United States, as the elevation gradually slopes 

upward from east to west up towards the Rocky Mountains. The horizontal temperature 

gradients that develop over the Great Plains lead to changes in the geostrophic wind with 

respect to height. The thermal wind relation describes this change (Holton, 1992):  

                   ∂Ug  / ∂z= [-g / (fc T)]  (∂T / ∂y)                                                        (2.6) 

                   ∂Vg / ∂z = [g / (fc T)]  (∂T / ∂x).                                                         (2.7) 

The thermal wind induced by baroclinicity can be generated in several ways such as, 

synoptic-scale temperature gradients, land-sea temperature gradients, frontal boundaries, 

as well as sloping terrain.  This orographic effect leads to temperature gradients, which 

reverse over the course of an entire day. The result is a diurnal oscillation, as shown in 

Figure 2.5 (Holton, 1967). The higher terrain to the west causes the temperature to be 

warmer than that of the lower terrain to the east, creating a gradient. Throughout the 

nighttime hours, the radiational cooling will cool the air very near the surface but not the 

air higher in the boundary layer. The thermal wind vector is reversed near the surface but 

left unchanged at higher altitudes. The geostrophic wind now has a maximum value in 

the lower levels, given a southerly geostrophic wind at the surface. The observed wind 

develops the jet-like profile, as the flow very near the surface is still subject to some 

effects from frictional drag.  
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Figure 2.5. The diurnal oscillation of the low-level jet and changes in the thermal wind. 
This occurs due to the forcing from sloping terrain. This leads to the generation of a 
southerly low-level jet. The effect of surface friction generates the low-level jet wind 
profile as seen in 2.4d (Stull, 1988).  
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The third and final low-level jet forcing mechanism to be covered is the effect 

from upper tropospheric jet streaks and leeside cyclogenesis (Uccellini, 1980). This type 

of forcing could have been included in baroclinic effects, but is treated individually to 

distinguish it from the effects due to sloping terrain. Reiter (1969) and Uccellini and 

Johnson (1979) have shown that upper tropospheric jets are linked to the development of   

low-level jets. The low-level jet occurring beneath the exit region of an upper 

tropospheric jet is part of an indirect circulation. The lower jet is coupled due to mass 

adjustments in the exit region of the upper jet (Uccellini and Johnson, 1979). Reiter 

(1969) has also presented evidence that low-level jets can form in response to leeside 

cyclogensis, a common occurrence in the Plains, and east of the Rocky Mountains. The 

decoupling of the boundary layer during the nighttime hours allows the wind to 

accelerate along the pressure gradient. Leeside cyclogenesis acts to strengthen the 

pressure gradient force, and makes a substantial contribution to the high frequency of 

low-level jet occurrences in this region, as shown by Whiteman et al. (1997) and Bonner 

(1968). Uccellini (1980) reviewed several jet cases from previous studies by Bonner 

(1968) and Hoecker (1961) and evaluated the synoptic conditions according to the criteria 

seen in table 2.2. 

 

Table 2.2. Synoptic categories under which low-level jets develop (Uccellini, 1980). 

              

Synoptically Forced Low-Level Jet Conditions:  

Type I:  Trough upstream and ridge down stream of the southern Great Plains with 300mb 
             jet streak propagating into the region. 
 
 
Type II: Ridge located directly over the Great Plains with weak upper tropospheric winds. 

 
 

There were fifteen cases reviewed by Uccellini (1980) and twelve fit the above criteria 

for a Type I jet, although there was a large amount of variability in the strength of the 
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troughs and jet streaks for the twelve cases.  The synoptic pattern in Type I can be 

characterized by jet streaks moving toward the Great Plains from the Rocky Mountain, 

with leeside cyclogenesis increasing the pressure gradient at the surface. The observed 

low-level jets occurred in the exit region of the upper jet and are directed toward the 

cyclonic side of the upper jet (Uccellini, 1980). Figure 2.6 illustrates the region, which 

the synoptically forced low-level jet is often seen. This type of jet deviates from the 

classic pattern of a nocturnal low-level jet often seen in conjunction with type II synoptic 

conditions. The low-level jet feature was observed during the afternoon hours as well as 

during the night and extended above the planetary boundary layer. The maximum wind 

speed for the twelve cases reviewed though still occurred during the morning hours 

indicating that the boundary layer processes discussed earlier in sections 2.1 and 2.2 

contribute substantially to the magnitude of the low-level jet.  

 
Figure 2.6. The coupling of the low-level jet with a 300 mb upper-tropospheric jet. This 
figure illustrates the region beneath the upper jet where low-level jets are typically found 
(Whiteman et al., 1997) The solid lines denote lines of constant pressure. The hatched 
arrow indicates the 300 mb jet. The dashed lines denote pressure falls.  
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Numerical modeling studies have also been conducted using data assimilated 

from the network of 404 MHz radar profilers. Zhong et al. (1996) and Igau and Nielsen-

Gammon (1998) were successful in reproducing the characteristics of southerly low-level 

jets in the Great Plains. Numerical modeling studies allow the kinematic, thermodynamic, 

and turbulent fields to be reproduced in significant detail as opposed to that of any 

relatively sparse observation network. The study by Zhong et al. (1996) demonstrated 

that within the nocturnal jet, the pressure gradient and Coriolis forces determine the 

balance of momentum. The Coriolis force exhibited a diurnal oscillation, which is 

consistent with the findings of Blackadar (1957).  This oscillation accounted for nearly all 

of the total diurnal variations in the acceleration of the low-level jet. The pressure 

gradient force showed little variability throughout the lifecycle of the jet feature. This 

result would imply that baroclinicity due to the sloping terrain of the Plains is less 

important to the development of a low-level jet than the inertial oscillation and the 

decoupling of the boundary layer (Zhong et al., 1996). The analysis of the ageostrophic 

wind components showed that changes in pressure gradients were secondary to the 

changes due to the inertial oscillation. The forcing mechanisms described by Blackadar 

(1957) appear to dominate low-level jet development during the warm season months 

across the Great Plains. The Plains jet simulated by Igau and Nielson-Gammon closely 

resembled the summertime jet seen in Zhong et al.. The decoupling of the boundary layer 

was also modeled and the resulting inertial oscillation was responsible for the 

development of the jet. The geostrophic v component of the wind showed no sign of 

weakening during the nighttime hours, as suggested by Holton (1967).  The effects of the 

inertial oscillation are well simulated in mesoscale model simulations, whereas the effects 

of sloping terrain (Holton, 1967) do not seem to play an important role. 

 
 

2.4   Low-Level Jet Characteristics and Climatology 

 The first significant climatological study of low-level jets was conducted by 

Bonner (1968) using radiosonde observations. This study characterized the low-level jet 

seen in the Great Plains as a warm season and primarily nocturnal event. Observations 
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covered the period from January, 1959 through December, 1960, utilizing observations 

from 47 sites across the United States. Bonner (1968) used a different low-level jet 

criteria scheme than is used for the study presented in Chapter IV, breaking the jet into 4 

distinct categories. The categories range from criterion 0 (any wind maximum) to 

criterion 3 (maximum of 20 m s-1 or greater). These characteristics require the jet to 

exhibit a low-level, local maximum in the vertical profile of the horizontal wind. The 

maximum low-level jet occurrence was found by Bonner (1968) to be from south-central 

Kansas into western Oklahoma. This region of did not vary with differing criteria. 

Studies by Mitchell et al. (1995) and Whiteman et al. (1997) verify that this region sees 

the highest frequency of low-level jets. Figure 2.7 displays the results found by Bonner 

(1968). The jets observed over the central and eastern United States developed between 

0600 UTC and 1200 UTC, though the time of the maximum wind speed varied greatly 

(Bonner, 1968). The forcing mechanisms described by Blackadar (1957) suggest that the 

jet should increase in altitude along with the nocturnal inversion over the course of the 

night. The variability found by Bonner (1968) does not support this. Whiteman et al. 

(1997) found that the inversion layer did increase with time while the height of the jet 

remained nearly constant. There were several cases found where the altitude of the jet 

maximum decreases with time and can be supported by Banta et al. (2002) and the 

CASES field project. Stronger jets tended to occur at higher altitudes though. This result 

will be presented in detail in section 2.4. Bonner (1968) did observe at three stations (Fort 

Worth, Texas; Topeka, Kansas; Norfolk, Virginia) that the jet maximum occurred during 

the nighttime hours. This time period coincides with the forcing mechanisms described 

by Blackadar (1957) and the corresponding low-level jet characteristics. The drawbacks 

to the study conducted by Bonner were that observations used were only taken at 00 UTC 

and 1200 UTC, with only three stations located in the Great Plains. The development of 

radar wind profilers and the National Profiler Network have allowed for more 

comprehensive studies to be done (Mitchell et al., 1995).  
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Figure 2.7. The number of low-level jets January 1959 through December 1960 (Bonner, 
1968). 
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 Mitchell et al. (1995) conducted a similar study using data from the network of 

404 MHz radar wind profilers, but focused strictly on the Great Plains low-level jet. The 

investigation by Whiteman et al. (1997) used enhanced rawinsonde observations from a 

single site in north-central Oklahoma, with typically eight observations taken during the 

course of a day. Mitchell et al. (1995) and Whiteman et al. (1997) both found that the 

low-level jet underwent a diurnal oscillation, with the jet stronger at night than during the 

day. This result is consistent with previous studies. The average height of the jet was 

found to be near 1000 meters (AGL). Mitchell et al. (1995) described the temporal 

variability of the low-level jet frequency by a percentage of hours that a low-level jet was 

detected at a specific hour during the day relative to the total hours the profiler was 

operating at that hour. The time of the maximum frequency was from 0600 UTC to 0900 

UTC. This range is much smaller than that found by Bonner (1968). The results found by 

Mitchell et al. (1995) were compared with Bonner’s four low-level jet criteria. The 

weakest jets exhibited a nocturnal peak of near 10% above the daily mean, with a 

secondary maximum in the late morning. The strongest jets were six times more likely to 

occur within a few hours of the local midnight or 0600 UTC to 0900 UTC, as compared 

to the daytime hours. The histogram in Figure 2.8 illustrates the temporal variability of 

jets meeting the categories specified by Bonner (1968). The jet maximum would likely be 

missed by radiosonde observations taken at 00 UTC and 12 UTC, as in the study by 

Bonner (1968). The jet duration, described by Mitchell et al. (1995) was the length of 

time the jet criteria were satisfied. This resulted in an average duration of about four 

hours. This period corresponds well to the jet duration in each of the three cases 

presented in Chapter IV. Mitchell et al. (1995), in addition to studying the climatological 

characteristics of low-level jets, expanded the work by Uccellini (1980) in characterizing 

jet development in response to synoptic-scale forcing. The forcing mechanism described 

by Uccellini (1980) has already been discussed in section 2.2. Mitchell et al. (1995) 

found that the development of stronger jets is a result of contributions from the processes 

described by Holton (1967) and Blackadar (1957), as well as those demonstrated by 

Uccellini. Questions though, have been raised regarding the quality of 404 MHz radar 
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profiler data and its contamination by migrating birds. Wilczak et al. (1995) identified the 

potential problem of anomalous radar returns from birds. 

 

 
 

Figure 2.8. Histograms of temporal variation of low-level jets during the period of 
observation, using the categories described by Bonner (1968) from Mitchell et al. (1995). 

 

The work of Bonner (1968) and Mitchell et al. (1995) ignored time histories of 

wind direction and focused on the magnitude of the jet. Whiteman et al. (1997) identified 

the presence of cold season jets, which have a predominant direction from northwest to 

northeast. The cold season jets exhibit a frequency, which rivals that of the warm season, 

southerly jet. Northerly jets show little diurnal variation indicating that the boundary 

layer processes identified by Holton (1967) and Blackadar (1957) are negligible. This 

result is due to the effect of advection during cold air outbreaks and cloud cover in post-

frontal situations. Table 2.2 shows the results of Whiteman et al. (1997) as compared to 

the low-level jet criteria and findings of Bonner (1968).  
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Table 2.2. The percentage of all rawinsonde soundings exhibiting low-level jets over the 
period of observation. The “no jet” category did not meet Bonner (1968) criterion for 
LLJ-0. Vmax represents the maximum wind speed. ∆V is the difference between the jet 
maximum and the minimum speed above the jet (Whiteman et al., 1995). 

     

             
 
                            Definition   
 
LLJ Category   Vmax (m s-1) ∆V(m s-1)   Warm Season   Cold Season  Bonner (1968)  
 
No jet                     -                     -                    52.9                   55.1                 72.0 

LLJ-0                   ≥10                 ≥ 5                  47.1                   44.9                    - 

LLJ-1                  ≥ 12                 ≥ 6                  34.4                   34.6                  28.0 

LLJ-2                  ≥ 16                 ≥ 8                  15.8                   20.5                  12.0 

LLJ-3                  ≥ 20                 ≥ 10                6.7                     10.7                   4.0 

             

  
 

The southerly and northerly jets, according to Whiteman et al. (1997), generally have the 

highest frequency of occurrence at heights 500 meters and below, with a peak between 

300 and 400 meters. Banta et al. (2002) has shown that jet maxima exist below 200 

meters.  The heights for northerly jets though are more variable than that of their southern 

counterparts. The analysis of two years of high-resolution rawindsonde observations has 

shown that a low-level jet feature is present in 46% of the soundings taken (Whiteman et 

al., 1997). The average peak wind speed found for southerly jets was 19.5 m s-1 and 17.5 

m s-1 for northerly jets. Whiteman et al. (1997) have shown that northerly jets occur at a 

frequency near that of southerly jets but have significant differences in their 

characteristics. The southerly jet characteristics are highly dependent on boundary layer 

processes described by Holton (1967) and Blackadar (1957), whereas the features 

associated with northerly jets are linked to synoptic-scale features. The study presented 

here focuses on warm season jets. Chapter IV will illustrate the large amount of 

variability between individual jet cases.    
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2.5   Turbulent Motions in the Nocturnal Boundary Layer 

 The turbulent structure of low-level jets has become a topic of research during the 

last 10 years. The potential impact to wind energy systems across the Great Plains has 

been discussed in Chapter I. The CASES-99 field project in Kansas (Banta et al., 2002; 

Blumen et al., 2001; Sun et al., 2002) and data collected from a field site in Lamar, 

Colorado, by NREL (Kelley et al., 2004) have been able to characterize the turbulent 

nature of low-level jet structures. The two observational research efforts both utilized 

data from an instrumented tower, radar profilers, sonic detection and ranging (sodar) 

profilers, and high resolution Doppler lidar. The instrumented tower, e.g., with sonic 

anemometers with high sampling rates, provides an ideal platform for studying turbulent 

structures beneath low-level jets.     

 The stratified nocturnal boundary layer supports and propagates atmospheric 

wave motions. High-shear regions beneath low-level jet maxima, are regions conducive 

for the development of coherent wave motions. A parcel of air in the stable boundary 

layer, displaced upward, will encounter a restoring force due to the stability of the 

nocturnal boundary layer. The parcel will then accelerate downward as a result of the 

buoyant damping. Often the parcel, possessing enough momentum, will proceed below 

its original position. The downward motion results in the warming of the parcel to a 

temperature greater than that of its environment. The parcel will then accelerate back 

upwards. This process results in an oscillatory behavior responsible for the development 

of gravity or buoyancy waves. Equation 2.8 is the equation of motion for a parcel that is 

displaced by a distance ∂z in the stable boundary layer, given by:  

                          d2 (∆z) / dt2 = - (g / θ) (∂θ / ∂z) ∂z                                         (2.8) 

 θ is the potential temperature defined as: 

                          θ = T (1000 / p)0.286 ,                                                             (2.9) 

where p is the atmospheric pressure (mb) at a given level and T is the temperature at the 

original height of the air parcel. The oscillatory motion of the parcel is described by: 

                         ∆z (t) = AeiNt + Be-iNt                                                             (2.10) 

                         N = √[ (g / θ)(∂θ / ∂z) ]                                                           (2.11) 
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where g is gravity. N is the frequency of the oscillation. For a real value of N it is referred 

to as the Brunt-Vaisala frequency (Stull, 1988). If the value of N is imaginary, the 

displacement of the parcel is no longer damped, resulting in convective instability. This 

condition is often present in the daytime boundary layer. The convective boundary layer 

will be ignored for the purposes of this study; thus convective motions will not be 

discussed in detail.  

 Sheared flows can generate many types of instabilities. One of the more common 

sources for instability is Kelvin-Helmholtz (KH) waves. Banta et al. (2002) have shown 

this to be a dominant contributor to turbulence in the nocturnal boundary layer. KH 

instabilities develop between two layers of greater stability (Fernando, 1991; De Silva et 

al., 1996; Fritts et al., 1996). The stable layers above and below the propagating wave act 

to trap the wave. This stable air inhibits the vertical growth and thus the wave will roll 

over or break. Wave motions are visible in Figure 2.9, and were detected by high-

resolution Doppler lidar during the CASES-99 field project (Banta et al., 2002). The 

wave motions act to transport warmer air downward, and colder air replaces it.  

 
Figure 2.9. Doppler lidar image of KH wave motions associated with a low-level jet 
event during the CASES-99 field project (Banta et al., 2002).  
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Over the course of time the KH waves break down into small discrete 

circulations. These smaller eddies act to reduce the original shear present. Figure 2.10 a,b 

and c show a Large Eddy Simulation (LES) of the temperature field for a breaking KH 

wave. The wave develops in a stratified layer, but the breaking wave act to reduce the 

stratification within the layer. The simulation is that of a wave trapped between two 

layers of higher static stability. The analysis of the Richardson number (Ri) allows for the 

stability of the layer to be determined. The local convective instability generated by 

breaking wave motions is characterized by Ri < 0. A value below 0 indicates convective 

instability. The critical value of Ri = 0.25 allows for wave motions to exist (Howard, 

1961). Mechanical generation of turbulent kinetic energy is comparable in magnitude to 

the effects from buoyant damping.  

Shear flows do not necessarily lead to the formation of KH waves. Highly sheared 

flows may remain stable if the value of Ri remains large, indicating buoyant damping is 

too strong for turbulent mixing to occur. High shears with low values of Ri are more 

likely to produce KH waves and corresponding turbulence. This condition is met by high 

shear and relatively low static stability. The name billow is given to these motions in 

order to distinguish it from gravity waves caused by significant convection (Scorer, 

1997).  

The use of time history records of wind velocity is useful in resolving turbulent 

structures beneath low-level jets. The variance ( u’2) of the velocity field can be used as a 

measure of the turbulence. Banta et al. (2002) showed that for low-level jet events the 

variance of the along-wind component (u) decreased with height. This reduction would 

indicate that the flow becomes smoother at higher altitudes. For the stronger low-level jet 

events (jet maximum > 20 m s-1) the computed turbulent kinetic energy (TKE) defined as:

     TKE = [ u’2 + v’2 + w’2 ] / 2,                                                   (2.12) 

where u’ and v’ are the horizontal turbulent components and w’ is the turbulent vertical 

component, increases with height. This result suggests turbulence occurs near jet level 

and is transported downward, in the “upside down” boundary layer (Mahrt and Vickers, 

2002). 
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Figure 2.10a. Large Eddy Simulation (LES) of the temperature field associated with a 
breaking KH wave. The wave develops in a stably stratified layer. The wave develops 
then breaks enhancing the turbulent mixing within the layer. (Kelley et al., 2004). 
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Figure 2.10b. Large Eddy Simulation (LES) of the temperature field associated with a 
breaking KH wave. The wave develops in a stably stratified layer. The KH wave is much 
less defined but mixing has reduced the stratification of the layer (Kelley et al., 2004). 
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Figure 2.10c. Large Eddy Simulation (LES) of the temperature field associated with a 
breaking KH wave. The wave develops in a stably stratified layer. The stratification of 
the layer is reduced by the enhanced mixing as seen in the last frame of 2.10c as 
compared to the first frame of 2.10a (Kelley et al., 2004). 
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There are other sources of turbulence in the nocturnal boundary layer, such as 

density currents. High shear above density currents can lead to the development of KH 

waves (Simpson, 1969). These currents are characterized by cold air with a relatively 

high CO2 content. Turbulence is often enhanced as the current passes. Surface friction 

slows the propagation of the portion of current along the ground, resulting in an elevated 

leading edge or “nose”. Density currents can be initiated by cold fronts, drainage flows 

over complex terrain, and mesoscale disturbances, such as thunderstorm outflow 

boundaries. Figure 2.11 illustrates the structure of a density current as it passes over an 

instrumented tower. The KH waves develop at the interface of the two fluids, in this case 

the boundary between the cold air associated with the density current and the ambient air 

Sun et al., 2002). The current enhances turbulence as it passes but the conditions 

following the passage return to a stable state as seen in the Doppler lidar imagery from 

Figures 2.12 and 2.13. A corresponding thermal instability occurs as the cold air is 

pushed above warm air by the overturning wave motions. Mass conservation leads to 

descending motion following the passage of the nose of the current. This downward 

motion once again returns the layer to its previously stratified state. Wave motions 

associated with density currents have been observed in numerical simulations as well. 

Numerical model simulations by Droegemeier and Wilhelmson (1986) have shown that 

turbulent wave motions can be generated by thunderstorm outflow boundaries. The 

importance of turbulence generated by density current passages will be shown in Chapter 

IV section 4.1. 
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Figure 2.11. The characteristics of a passing density current. This summarizes the 
dynamic and turbulent features associated with the passing current (Sun et al., 2002).  
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Figure 2.12. Doppler lidar image of during the passage of a density current during the 
CASES-99 field project.  The scan is toward the ambient flow, with elevation angle 
scanned between 0 and 20o (Sun et al., 2002). 

 32



 
 
Figure 2.13. Doppler lidar image following the passage of a density current during the 
CASES-99 field project. The scan is towards the ambient wind direction, with elevation 
angle scans from 0 to 20o (Sun et al., 2002). 
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Kelley et al. (2004) examined three low-level jet events with the objective of 

characterizing the turbulent nature of low-level jets. This particular study was geared 

toward evaluating the impact that low-level jets and the associated turbulence have on 

wind energy systems. A year of data for low-level jet events was also kept.  The main 

instrumentation used was a Doppler sodar system and an instrumented 120-meter tower. 

The field site is located in Lamar, Colorado. The instrumented tower was equipped with 

fast-response sonic anemometry. Calculations of particular quantities within a layer are 

based on a layer that would be occupied by today’s wind turbines. The shear was 

characterized by using the shear-exponent α from the power law in equations 2.13 and 

2.14 (Kelley et al., 2004):  

U2 = U1 (z2 / z1)α                                                                              (2.13) 

α = ln (U1 / U2) / ln (z2 / z1)                                                            (2.14) 

U2 and U1 are the horizontal wind speeds for the top and bottom of the layer, 

respectively. z2 and z1 represent the height of the top and bottom of the layer, 

respectively. Values were computed using both the sodar and tower datasets. The 

gradient Richardson number was calculated as well for the turbine layer using equation 

2.15 (Stull, 1988). These parameters are used in the analysis presented in Chapter IV. 

    Ri = (g / Θ ) [ (∂θ / ∂z) / (∂U / ∂z)2 ]                                              (2.15) 

Θ is the layer mean potential temperature, θ is potential temperature, U is the horizontal 

wind speed, and g is gravity. The gradient Richardson number represents the ratio of 

turbulence generation due to buoyancy relative to shear. The buoyancy term is positive 

for stable conditions and acts as a damper. The three low-level jet cases examined 

occurred in June 2002. The results found by Kelley et al. provide a comparison to the 

results presented in Chapter IV.   

The first jet case, from 11 pm 16 June 2004 through the morning of 17 June 2002, 

generated high levels of shear in the layer below the jet maximum. The layer though 

remained stable and no large bursts of turbulence occurred. The initial jet developed 

around local midnight and was replaced by a stronger jet. The mean wind direction after 

l1 pm Local Standard Time (LST) was southerly but shifted to the southwest over the 
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next four hours. The wind speed also increased as the wind veered, and the jet maximum 

decreased in altitude to a minimum of 225 meters. The characteristics of this jet feature 

demonstrate the forcing mechanisms of Blackadar (1957). The region of high shear also 

descended over time and α reached a maximum value of 1.2 for the layer from 100 to 

120 meters AGL. The shear remained relatively high over the next 3 hours. During the 

lifecycle of the jet the shear exponent remained above the International Electro Technical 

Commission (IEC) normal wind profile exponent value of 1/7. The gradient Richardson 

number remained positive for the entire observation period but did drop below the critical 

value of 0.25 for a 10 minute period at 11:20 pm LST. The standard deviation of the 

vertical wind speed (σw) at 55 meters was at a peak value when the initial jet feature was 

at its maximum speed. The layer beneath the jet stabilized after 01:00 am LST. The 

analysis of σw showed a periodicity of 42 minutes. Indicative that long-period gravity 

waves occurred in the stable layer beneath the jet maximum. The stability of the layer 

beneath the jet maximum did not allow for perturbations with sufficient energy to cause 

bursts of turbulence during the lifecycle of this jet. Though the jet was well defined, with 

a maximum below 200 meters, organized shear instabilities such as KH waves, did not 

develop.  

 The second case presented by Kelley et al. (2004) is also from 17 June 2002 but 

during the nighttime hours prior to local midnight. The jet develops during the transition 

period from the convective to the stable boundary layer. The mean wind direction 

initially is from the southeast but quickly veers to the southwest at all observation levels 

over a 3-hour observation period. This veering corresponds to the jet formation processes 

described by Blackadar. The jet increases in magnitude with the veering of the wind. Two 

distinct jet maxima are seen at 250 and 400 meters AGL. The maximum at 250 meters 

reaches a magnitude of 25 m s-1.  The highest shear values occur again in the layer 

beneath the jet maximum but are less than the previous low-level jet case. The 53- to 

113-meter layer gradient Richardson number was well above 0.25 but dropped to an 

average of 0.05 after the jet feature became established. This result indicates that wave 

motions would be able to overcome buoyant damping. The jet breaks down into two 

 35



distinct periods of enhanced turbulence.  The enhanced mixing led to the development of 

a layer between 54 and 85 meters that was statically unstable. The layers, above and 

below, remained stable, resulting in the necessary conditions for KH instabilities 

(Fernando, 1991; De Silva et al., 1996). The breaking KH waves are responsible for the 

intense vertical motions observed by the instrumented tower (Kelley et al., 2004). The 

values of σw during the peak levels of turbulence are highest at 54 and 116 meters. The 

observation levels in between were substantially lower. This result would indicate that 

the whole layer was subject to the KH instability. The wave motions enhanced the mixing 

and lead to the convectively unstable layer seen between 54 and 83 meters. The layer 

stabilizes after local midnight and the jet feature is no longer evident. The coherent 

turbulent structures acted to mix out the original shear, causing the jet structure to 

become much less defined.  

The third and final case occurred 23 June 2002 during the early morning hours. 

The jet reached a maximum prior to local midnight, but resulted in well-defined wave 

motions and bursts of turbulence as the jet feature decayed. The jet reached its maximum 

at about 250 meters AGL. The previous two cases also exhibited jet maxima occurring 

near 200 meters, consistent with the results of Banta et al. (2002) and showed that 

previous studies were unable to resolve relatively common jet features occurring at low 

altitudes.  The analysis of wind speed data from slow-response cup anemometers 

indicated the growth of a wave motion with a period of about 30 minutes. This period 

corresponds to that of an internal gravity wave (Stull, 1988). The wave was triggered by 

the dissipation of the low-level jet (Kelley et al., 2004).  The propagation of these waves 

is common in the boundary layer and can act to destabilize the mean flow. The shear 

exponent increased and then relaxed as the wave passed. The Richardson number 

remained positive and above the critical value of 0.25 for most of the observation period.  

The data collected over the one-year observation period showed that the highest 

values of turbulent intensity occurred during the warm season months (April through 

September). This maximum coincides with the high frequency of low-level jets across the 

Plains as shown by Bonner (1968), Mitchell et al. (1995), and Whiteman et al. (1997). 
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The turbine layer-mean shear exponent was usually greater than 1/7 when the Richardson 

number of the layer was in the critical range of 0 < Ri < 0.25. The extreme value of shear 

though was found to decrease as the mean wind increases. The three cases presented by 

Kelley et al. (2004) illustrate the variability in the structure of low-level jets. They did 

confirm that nocturnal low-level jet maxima exist at heights much lower than previously 

thought. The presence of a low-level jet though does not always lead to the generation of 

wave motions beneath the jet maximum. The analysis techniques used by Kelley et al. 

(2004) provided a basis for the analysis presented in Chapter IV, allowing for results to 

be compared. The information presented throughout Chapter II provides adequate 

background regarding the development of low-level jets, regions in which they occur, and 

the turbulent motions they generate. This is the necessary information needed to develop 

the research methods used in this study. As described in Chapter II, the structure of low-

level jets can be quite erratic from case to case, but the feature itself is quite common. 

They are perhaps the dominant source for the generation of turbulence in the nocturnal 

boundary layer.   

 

 

 37



                                                CHAPTER III 

INSTRUMENTATION AND DATA COLLECTION 

 

3.1   Instrumentation 

3.1.1   Texas Tech University 200-meter Instrumented Tower 

Tower-based instrumentation systems have been proven to be adequate platforms 

for detecting the turbulent motions in the nocturnal boundary layer. Banta et al. (2004), 

Sun et al. (2002), and Kelley et al. (2004) have shown that fast-response sonic 

anemometry is capable of characterizing turbulent motions beneath low-level jets.  The 

Texas Tech 200-meter tower is one such platform. The tower is seen in Figure 3.1. The 

tower is located at the Texas Tech Wind Science and Engineering (WISE) Research 

Center at Reese Technology Center, Texas, about 10 miles west of Lubbock. The location 

of Reese Technology Center can be seen with respect to the South Plains and Panhandle 

of Texas in Figure 3.2.  

The tower is instrumented at 10 levels with fast-response sonic anemometers, 

measuring the horizontal and vertical components of the wind. Along wind and cross 

wind components are computed, as is wind speed and direction in the data acquisition 

and processing program. Each level also samples relative humidity and temperature. 

Slow-response propeller-driven anemometers are located at 4 levels. The data from the 

propeller anemometers is not included in the research presented in Chapter IV. 

Barometric pressure is measured at 4 and 200 meters. Figure 3.3 illustrates the basic 

design of the tower and instrument arms. The instrumentation for each level is shown in 

table 3.1, along with the quantities measured. A lightning strike in October of 2003 

damaged the 200-meter level, which thus was not operational over the time period that 

this experiment was conducted. The data acquisition system is housed in a control 

building, located about 40 yards from the tower. The system uses Field Point software to 

acquire data, and is displayed in real time using a LabVIEW Graphical User Interface 

(GUI). The data is formatted for a 30 Hz sampling rate for all instrumentation. Hourly 

runs are stored in comma delimited ASCII form, on removable hard drives on the 
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computer system in the control building. Table 3.2 describes the type of instrumentation 

used on the tower. The specifications for each type of instrument are included in 

appendix A. 

 

 
 

Figure 3.1. Photo taken looking up at the Texas Tech 200-meter instrumented tower at 
the WISE research center, Reese Technology Center, Texas. Photograph taken by Robert 
Slavens.
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Figure 3.2. Map of the West Texas Mesonet stations across the South Plains and 
Panhandle of Texas (Schroeder et al., 2005). Reese Technology Center is located at the 
star symbol with the header REES. 
 
Source: http://www.mesonet.ttu.edu/ 
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 Figure 3.3. The figure shows the design of the Texas Tech 200-meter instrumented tower 
and instrument arms. The distances are in feet. The UVW anemometers are located on 4 
levels only. The particulate monitors were inoperable during this experiment and have 
since been removed (Texas Tech Wind Science and Engineering). 
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Table 3.1. Measured quantities for each instrumented level as well as the type of instrumentation 
used on the Texas Tech 200 meter instrumented tower. 

 

Height level (AGL)                                          Instrumentation / Measured variables 

1 m                                                                    Temperature, RH, Sonic Anemometer 
 
2.5 m                                                                 Temperature, RH, Sonic Anemometer 
 
4 m                                 Temperature, RH, Sonic Anemometer, Barometric Pressure 
 
10 m                               Temperature, RH, Sonic Anemometer, UVW Anemometer 
 
17m                                Temperature, RH, Sonic Anemometer, UVW Anemometer 
 
46 m                                                                  Temperature, RH, Sonic Anemometer 
 
75 m                                                                  Temperature, RH, Sonic Anemometer 
 
116 m                               Temperature, RH, Sonic Anemometer, UVW Anemometer 
 
158 m                               Temperature, RH, Sonic Anemometer, UVW Anemometer 
 
200m                                                                         Non-Operational                              

 
 
Sonic Anemometers:                               RM Young Model 81000 
 
Gill UVW Anemometers:                        RM Young Model 27005 
 
Pressure Transducer:                                Omega  PX160 Series 
 
Relative Humidity/Temperature:             RM Young Model 41372VC/VF 
 
Barometric Pressure Sensor:                    RM Young Model 61201 
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3.1.2   Texas Tech West Texas Mesonet Boundary Layer Profiler 

 The West Texas Mesonet boundary layer profiler is a Vaisala LAP-3000, 915 

MHz Doppler radar vertical profiler (Schroeder et al., 2005). The profiler at Reese 

Technology Center is seen in Figure 3.4. It is designed to obtain wind fields from the 

boundary layer of the atmosphere. The profiler is located a few hundred yards from the 

Texas Tech 200-meter tower at Reese Technology Center, Texas. The profiler is 

equipped with a RASS system to obtain temperature profiles. This feature was not 

operating during this experiment.  

 

 
 

Figure 3.4. Vaisala LAP-3000 Radar Profiler and RASS system, located at Reese 
Technology Center, Texas. 
 

Source: http://www.wind.ttu.edu/WindEnergy/Research%20Facilities/LLProfiler.htm 

 

Mitchell et al. (1995) utilized 404 MHz radar profilers to conduct a study of low-

level jets; Zhong et al. (1997) used 915 MHz profiler data assimilated into mesoscale 

model simulations of low-level jets. The two studies have shown the usefulness of 

profilers in detecting and studying low-level jets. It was noted by Wilczak et al. (1995) 
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that migrating birds can contaminate radar profiler data. The development of quality 

control procedures limits the adverse effects of anomalous signals, and allows for a 

detailed study of low-level jet features to be conducted. The profiler data is primarily 

used in this study to identify potential jet maxima above 158 meters, to show the depth of 

the jet feature, and to generate a vertical profile of the wind. The profiler used an 

averaging time of 30 minutes. The scans were averaged over this time period to generate 

an observation. The temporal resolution of this data makes it impractical to examine 

turbulent structures. The wind speed and direction data does allow for a complete picture 

of the jet lifecycles. A vertical range resolution of 60 meters was used during this 

experiment. The relatively low power output of the profiler limited the height of useable 

data up to about one kilometer AGL. There was often a complete loss of data above this 

altitude. The data from the lowest range gate of the profiler, of about 60 meters, was 

often erroneous as well. This data was highly dependent on the ground clutter 

environment. The specifications for the Vaisala LAP-3000 profiler can be found in 

Appendix A.  

 

3.2   Data Collection 

The three low-level jet cases presented in Chapter IV fit the criteria discussed in 

Chapter I. The potential for a jet feature was identified in advance using the Eta model 

forecasts for the 850-mb level. The jet feature was also identified visually using the 

National Profiler Network’s radar profilers located in Jayton, Texas, and Tucumcari, New 

Mexico. The 2 June 2004 and 21 June 2004 low-level jet events were the only cases, of 

the three presented, that were evident on the 00 UTC or 12 UTC soundings from the 

National Weather Service Offices in Midland or Amarillo, Texas.  

The time period selected for each jet case varied due to the jet feature itself and 

the availability of tower data for the specified times. Data typically was collected from 00 

UTC through 13 UTC, in hourly runs. The period of observation includes the transition 

from the convective to the nocturnal boundary layer, as well as, the mid- morning hours 

when turbulent mixing begins to occur. The data acquisition program also provides 
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summary statistics for each hourly run, which include: maximum, minimum, mean, 

standard deviation, skewness, kurtosis, and turbulent intensity for the wind records at 

each level. Stationarity tests were also performed within the acquisition and processing 

program. Stationarity is difficult to meet in the nocturnal boundary layer as shown by 

Banta et al. (2002) and Poulos et al. (2002). The comma delimited data files, for each 

hour, are 120 columns and 108000 data points in length. The quantity measured for each 

individual channel of data is listed in Appendix B.     

 

3.3   Quality Control and Assurance Procedures 

 The use of high-resolution sonic anemometer data required quality control 

programs to be developed to replace erroneous data. Sonic anemometry datasets often 

have distinct spikes in the time history. Precipitation is also a cause of errors in the data. 

The 30 Hz tower data for each hourly run, over the observation period, were first 

imported into the MATLAB 6.5 data analysis software suite. The large size of the tower 

data set necessitated running quality control programs on each hour of data rather than 

the concatenated set. MATLAB 6.5 was the software of for all research applications 

within the presented research as well.  

The original tower wind data was collected in units of miles per hour (mph). The 

temperature data was collected in degrees Fahrenheit. Barometric pressure data was 

converted to Pascal (Pa) from millibars for computations, but is not included as a time 

series. The tower wind data was converted to m s-1, and the temperature data was 

converted to Kelvin. The individual data sets were plotted as a time series, following the 

conversions, in order to identify erroneous data or spikes in the data set. The horizontal 

components were tested against a range of + 40 m s-1, with the vertical component tested 

against +20 m s-1. If the data point was found to be greater than 40 m s-1  or less than –40 

m s –1 it was removed and replaced by taking the mean of the data point preceding the 

erroneous point and the data point after. This procedure was repeated for the w 

component for 20 and –20 m s-1. This process is a simple linear interpolation to replace 

erroneous data.  The record of wind speed was tested for >60 m s-1 and the erroneous 

 45



points replaced using the same procedure. The script was run for 100 iterations in order to 

replace any consecutive erroneous data points. The dataset was also tested to the range of 

3 standard deviations from the mean.  Data points satisfying this test were replaced in the 

same manner.  Tests for missing data were also conducted but no gaps were found in the 

hourly runs, a zero was displayed for a missing data point and replaced using the 

procedure described.  

The quality control procedures uncovered several problems in the dataset. The 17-

meter sonic anemometer was discovered to be faulty.  The instrument was replaced at the 

end of May 2004. Wind data from this level is ignored for the 25 May 2004 low-level jet 

event though. A sample plot of data from the faulty sonic anemometer can be seen in 

appendix C. There was also a loss of data for the horizontal components from the same 

level during 21 June 2004 event. The wind speed and direction records were still intact, 

indicating a problem in the data acquisition or processing programs. Another 

instrumentation problem was a horizontal component from the 46-meter sonic 

anemometer was reversed in sign. This error was corrected in post-processing and the 

data are included in the analysis presented in Chapter IV. Wind tunnel testing was not 

performed on the sonic anemometers, therefore error analysis was not conducted.  

The quality control methods for the radar profiler data were slightly different. 

Linear interpolation was once again used for missing or erroneous data points. The 

datasets were small enough to be inspected visually. The coarse temporal resolution only 

allowed for the first averaging technique discussed to be employed. Often several data 

points were missing, for anymore than three, the data was left missing. These gaps can be 

seen in the profiler plots presented in Chapter IV. The data above 1 kilometer and the 

first range gate of 60 meters were often found to be missing or erroneous as discussed 

earlier. The analysis of the profiler datasets was restricted to 0.12 - 1 kilometer.  

 

 

 

 

 46



3.4   Measured Quantities and Calculated Parameters 

3.4.1   Wind Records 

 The wind data from the sonic anemometers was collected at a sampling rate of 30 

Hz from the instrumented tower. One-minute and ten-minute mean wind records were 

created for the three wind components, as well as speed and direction. The mean wind 

was calculated as follows: 

                   E = (1/N) ∑N
i=1 U (t).                                                                   (3.1) 

E is the expected value of the wind speed, N is the number of observations over which 

the average is taken, and U(t) is the instantaneous wind speed, for this research U(t) is 

taken from the 30 Hz data record. The Reynolds averaging technique was used to 

compute perturbations of the components by letting (Stull, 1988): 

                   U = Ū + u’.                                                                                   (3.2) 

U is any component of the wind. Ū represents a ten-minute mean. The perturbation (u’) 

can be computed by  

                   u’ = U – Ū.                                                                                   (3.3) 

U was taken from the record of 30 Hz data (Stull, 1988). Banta et al. (2002) used a five-  

minute mean to represent Ū. A standard micrometeorological coordinate system was used 

where u represents the along wind component, v represents the cross wind component 

and w is the vertical component following Kelley et al. (2004) and Banta et al. (2002). 

These components were computed in the data processing program and included in the 

data set described in section 3.1. Datasets of one-minute means were created for the three 

components of the wind, their perturbations, wind speed (ws), and wind direction (wd). 

The record of ten-minute mean wind speed and direction was created to meet IEC 

standards. Variance is a measure of the dispersion of the data and is used as a measure of 

turbulence. This was computed based on the 10-minute mean wind components. The 

variance and standard deviation of each of the wind components were computed by: 

               σ u2     = ( ū’) 2                                                                                    (3.4)     

               σ u  =  √ ( σ u2 ),                                                                                (3.5)  

 47



 where ū’ is a one-minute mean of the instantaneous perturbations found in equation 3.3. 

The analysis of the variance of the components is a measure of turbulence as shown in 

Banta et al. (2002), Sun et al. (2002), and Kelley et al. (2004).  

 

3.4.2   Shear Exponent 

 The shear exponent was calculated from the power law seen in equations 2.14. 

The value was calculated as a layer mean for 46-158 meters. The one-minute mean wind 

speed record was used. This layer was chosen because it is the layer in which the hub and 

blades of current wind energy systems reside. Though there are no turbine structural 

response data presented in this study, the turbulent characteristics within this layer are 

vital to mitigating adverse effects to wind turbines caused by low-level jets.  The layer 

mean shear exponent is also similar to that computed by Kelley et al. (2004) and allows 

for comparisons between the study conducted by NREL and the results presented in 

Chapter IV.   

 

3.4.3   Barometric Pressure Retrieval  

 The pressure measurements on the 200-meter tower are only taken at the 4- and 

200-meter levels. It is useful for calculations of potential temperature (equation 2.9), 

which is used for stability analysis, to have pressure measurements at all instrumented 

levels. The barometric pressure can be calculated through the barometric equation, 

derived from the hypsometric equation, seen in equation 3.6, given temperature 

measurements are available the base level and the levels at which pressure is not known. 

The tower has temperature measurements at all instrumented levels. Therefore the 

pressure at each level was calculated using the following equation: 

               p2 = p1 exp [- (g / RT ) (z2 – z1) ],                                                          (3.6)        

where p1 is the pressure of the reference level, g is gravity, R is the gas constant for dry 

air, T is the layer mean temperature of the layer, z2 is the height in meters of the level that 

the pressure is being computed, and z1 is the height of the reference level. The pressure at 

4 meters was the first reference level used in order to solve for the pressure at the 10-
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meter level. The new values of pressure were used as the reference level to compute the 

pressure at the level above. This process was repeated for all levels up to 158 meters. 

This method does not account for moisture variability over the depth of the tower. The 

pressure perturbations at the 4-meter level will be visible in the computed pressure at the 

levels above. The depth of the moisture over the tower layer could also vary. The 

pressure retrievals are only used in calculations of potential temperature, which in turn is 

used in equation 2.15 to solve for the Richardson number. The computed pressures are 

confined to use in stability analysis only. 

 

3.4.4   Potential Temperature 

   The potential temperature was used in developing vertical profiles. The potential 

temperature was calculated using equation 2.9 for each of the instrumented levels on the 

200-meter tower. This allowed for a vertical profile to be developed and the stability of 

the layer occupied by the tower to be characterized. The generated values of potential 

temperature were used in calculations of the Richardson number.   

 

3.4.5   Richardson Number 

 The gradient Richardson number is used to characterize the stability of a layer. 

The layer chosen for this study was the same as the one used for the shear exponent 

calculations. There are several variations of the Richardson number, such as the flux 

Richardson number, bulk Richardson number, and the gradient Richardson number. The 

flux Richardson number is only useful when the flow is turbulent, because it involves 

turbulent correlations (Stull, 1988). It can be meaningful in determining when a flow 

becomes laminar, but for low-level jet research the opposite is needed. For this case, the 

gradient Richardson number (Ri) is used (equation 2.15). Through laboratory and 

theoretical research the dynamic stability criteria are as follows (Stull, 1988): 

1. Laminar flow becomes turbulent when Ri < Ric 

2. Turbulent flow becomes laminar when Ri > RiT. 

 49



Ric is the critical Richardson number of 0.25 (Howard, 1961) and RiT is the turbulent 

Richardson number of 1. The bulk Richardson number, used for this study, is similar to 

the gradient Richardson number except ∂θ / ∂z is approximated by ∆θ / ∆z and ∂Ū / ∂z is 

approximated by ∆Ū / ∆z, where ∆Ū = Ūtop – Ūbottom (Stull, 1988). The actual local 

gradients are typically unknown but observations can be made at a series of discrete 

heights. Such is the case for an instrumented tower or balloon sounding system. Kelley et 

al. (2004) calculate the gradient Richardson number but it is actually the bulk Richardson 

number, as tower-based observations were used.  

 

3.4.6   Turbulent Kinetic Energy 

 Kinetic energy of the flow can be separated into energy derived from the mean 

flow and turbulence. The use of the perturbations calculated from the Reynolds averaging 

method discussed in 2.4.1 allows for the turbulent kinetic energy (TKE) to be calculated 

as seen in equation 2.12. The perturbations were averaged over a one-minute time frame 

and then substituted into equation 2.12. Turbulence can be generated by buoyant thermals 

or mechanically by highly sheared flows. Statically stable lapse rates, within a layer, act 

to dissipate TKE into heat energy (Stull, 1988). Typically, TKE decreases with height in 

the boundary layer, although enhanced shears near the low-level jet can generate a TKE 

profile, which increases with height (Mahrt and Vickers, 2002). The analysis of TKE 

fields provides a method of identifying bursts of turbulence, which populate the nocturnal 

boundary layer. 

 

3.5   Spectral Analysis Techniques 

 Spectral analysis was performed on the u’ and w’ one-minute mean datasets for 

each of the three low-level jet events. This process allowed for the dominant perturbation 

frequency to be obtained along with a period for the perturbation. A Discrete Fourier 

Transform was used on each of the datasets to move from the time domain to the 

frequency domain. The Fast Fourier Transform included in the MATLAB software suite 

was used. A sampling frequency of 1/60 was used, as the datasets consisted of one-
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minute mean perturbations. The plots of power versus frequency gave an un-normalized 

power spectral density of each instrumented level for the u and w turbulent components. 

In order for the results of each case to be compared, both the frequency and the power 

were normalized. Frequencies will be distorted by varying magnitudes of the mean flow 

as perturbations propagate with the flow. The frequencies are normalized by: multiplying 

by the height of each instrumented level and dividing by the mean of the horizontal wind 

speed for the given level. The power was normalized by: dividing by the variance. This 

normalization process allowed for plots of a normalized power spectral density to be 

created for each perturbation component for all instrumented levels of the tower.  The 

period was computed through the analysis of normalized power versus frequency. The 

results for each low-level jet case are presented in Chapter V.  
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CHAPTER IV 

ANALYSIS 

 

4.1   25 May 2004 

 The data presented in this section is from 00 through 13 UTC for 25 May 2004. 

The low-level jet feature described in this section fits the criteria specified in Chapter I. 

The following sections will describe the synoptic conditions at 00 and 12 UTC (which is 

prior and after the establishment of a low-level jet), the characteristics of the jet feature, 

possible forcing mechanisms, and turbulence associated with the jet.  

 

4.1.1   Synoptic Conditions 

 The synoptic conditions at 00 UTC will be presented first, which for this case is 

prior to the onset of the low-level jet. For the purposes of this study, the Plains region 

will be the area of focus, especially the Panhandle and South Plains of Texas. The 300 

mb analysis at 00 UTC showed an 80-knot upper tropospheric jet that extended across 

California all the way into the Texas Panhandle. The south plains were located in the 

right exit region of the upper-jet, as seen in Figure 4.1.  A 95-knot jet maximum or jet 

streak was located over central New Mexico. The flow was basically zonal from west to 

east. It is this feature, which played a role in the development of the low-level jet by the 

processes described in Chapter II by Uccellini (1980).  The 500 mb analysis also showed 

zonal flow but significantly weaker, with 45 knots across the Panhandle and South Plains. 

A positively tilted trough is seen off the central California coast. The 500 mb analysis is 

seen in Figure 4.2. Weak flow is again evident at 700 mb, as is the trough located off the 

California coast. The 850 mb analysis indicated the presence of a surface low near the 

Nevada-California boarder. A moisture axis was located from central Texas through 

eastern Oklahoma into Kansas and Nebraska. The 850 mb analysis can be seen in Figure 

4.3. At the surface, a frontal boundary extended from eastern Nebraska through the 

Oklahoma Panhandle. The front progressed southward through the course of the next 12 

hours through the Texas Panhandle. The front can be identified in the surface station 
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plots shown in Figures 4.4 and 4.5. A distinct wind shift line is noted in association with 

the boundary. Visible satellite analysis as seen in Figure 4.8 shows ongoing convection at 

00 UTC in southwest Oklahoma. This convection produced an outflow boundary, which 

is also seen in the visible satellite imagery. The boundary moved westward over the 

course of the evening. The surface winds throughout the South Plains ahead of the frontal 

boundary are predominantly out of the southwest. It is noted that there is no evidence of a 

low-level jet feature at any of the upper-air stations in the region at 00 UTC.  

 

 
 

Figure 4.1. The 300-mb analysis for 25 May 2004 at 00 UTC. The solid lines are 
streamlines. Blue shaded regions denote flow of 25 knots or greater 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
 

 53



 
 

Figure 4.2. The 500 mb analysis for 25 May 2004 at 00 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
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Figure 4.3. The 850 mb analysis for 25 May 2004 at 00 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
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Figure 4.4. Surface station plot from 25 May 2004 at 0143 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/. 
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Figure 4.5. Surface station plot from 25 May 2004 at 0543 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/. 
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Figure 4.6. Visible satellite imagery for 24 May 2004 at 2333 UTC. The white arrow 
indicates the position of a thunderstorm outflow boundary. The block white arrow 
indicates the direction of propagation. 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
 
 
 
 
 
 
 
 
 
 
 

 58



 The synoptic conditions at 12 UTC on 25 May 2004 played a significant role in 

the development of the low-level jet feature. The South Plains were still in the right exit 

region of an upper-tropospheric jet but the jet streak over central New Mexico had 

intensified to 115 knots. The flow remained west southwesterly as seen in Figure 4.7. The 

500 mb analysis still indicated southwest flow at 40 knots across West Texas and a 

trough still near the central California coast. The frontal boundary is seen entering the 

South Plains and passed Lubbock and Reese Technology Center around 15 UTC. This 

passage occurred after the observation period for this low-level jet feature. The 850 mb 

analysis revealed that the broad area of moisture seen earlier at 00 UTC is now confined 

to south Texas and indicated the development of a surface low in eastern Colorado. This 

low was a result of lee-side cyclogenesis and is described by Uccellini (1980) as a forcing 

mechanism for low-level jet development. The 12 UTC soundings for Amarillo and 

Midland, Texas, showed no evidence of a low-level jet. The nocturnal inversion for 

Amarillo was located near 800 mb or 1972 meters AGL, as seen in Figure 4.8. The 

inversion seen 12 UTC in the Midland sounding was located near 860 mb or 1480 meters 

AGL, as seen in Figure 4.9. 
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Figure 4.7. The 300 mb analysis for 25 May 2004 at 12 UTC. The regions shaded in blue 
denote area of flow 25 knots or greater. 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 60



 
 
Figure 4.8. Amarillo, Texas sounding from 25 May 2004 12 UTC. 
 
Source: http://vortex.plymouth.edu/uacalplt-u.html. 
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Figure 4.9. Midland, Texas sounding from 25 May 2004 at 12 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/. 
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4.1.2    Low-Level Jet Characteristics 

 The observations taken for each of the three cases can be broken into two 

categories; observations from the West Texas Mesonet boundary layer profiler and 

observations from the Texas Tech 200-meter instrumented tower. Jet maxima from both 

the profiler and tower will be examined and can be seen in Appendix C.  

 The low-level jet structure was established near 02 UTC and persisted over the 

next 9 hours, though there were marked changes in the depth of the jet after 07 UTC. The 

initial jet feature was visible over the 1-kilometer depth of the profiler data as seen in 

Figure 4.10. The radar profiler observed two wind maxima at different heights. The first 

initial maxima occurred between 0300 and 0335 UTC at height above 900 meters, with a 

magnitude of 19.5 m s-1. The secondary and highest maximum occurred at 0535 UTC at a 

height of 564 meters, with a magnitude of 20.7 m s-1. The observations from the 

instrumented tower did not reach the same magnitude as observed by the profiler but the 

maximum wind observed did occur within an hour of the profiler maximum. The tower 

maximum was observed at 0400 UTC at the 116-meter level, with a magnitude of 17.4 m 

s-1. The structure of the jet featured as observed by the instrumented tower can be seen in 

Figure 4.11, and the vertical profile of the wind is seen in Figure 4.12a and 4.12b. The 

tower data indicated two rapid decreases in the horizontal wind speed just after 03 UTC 

and near 05 UTC.  In both cases the wind speed increased shortly thereafter. These 

decreases indicated the passage of some type of current or a burst of turbulence. The 

second anomaly can be attributed to the passage of a thunderstorm outflow boundary, as 

discussed in the previous section. The two currents can be seen in the time history of the 

one-minute mean wind speed record in Figure 4.13. The passage of the outflow boundary 

is marked by a rapid decrease in the wind speed, at the 75-, 116-, and 158-meter levels, to 

less than 10 m s-1.  The wind speed increased quickly, at the 4- and 10-meter levels, at 

nearly the same time.   
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Figure 4.10. Contour plot of from 00 – 14 UTC, 25 May 2004 low-level jet event as 
observed by the West Texas Mesonet boundary layer profiler. 
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Figure 4.11. Contour plot of the sonic derived 10-minute mean horizontal wind speed 
from 00 – 13 UTC, 25 May 2004 low-level jet event as observed by the Texas Tech 200-

eter instrumented tower.  m 

 65



a.

 
 

b.  

 

Figure 4.12. Vertical profile of the sonic derived ten-minute mean horizontal wind. 4.12a 
is from 00 – 06 UTC  on 25 May 2004. 4.12b is from 07 – 13 UTC on 25 May 2004. 
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Figure 4.13. Time history plot of the sonic derived one-minute mean horizontal wind 
speed as observed by the Texas Tech 200-meter instrumented tower. The black arrow 
marks the passage of the outflow boundary.  The 17-meter level is excluded due to a 
faulty sonic anemometer. 
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 The passage of the outflow boundary can be seen quite well in a contour plot of 

the wind direction, seen in Figure 4.14, as well as in Figures 4.15 and 4.16. The boundary 

passes the tower and profiler site shortly after 0500 UTC. A rapid veering of the wind 

occurred shortly before the boundary passed. The wind then backed rapidly to the south- 

southwest. This shift occurs over a vertical depth of nearly 600 meters. The wind returns 

to the mean westerly direction after 13 UTC.  

 

 
Figure 4.14. Wind direction contour plot from 00 – 13 UTC, 25 May 2004, as observed 
by the West Texas Mesonet boundary layer profiler. 
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Figure 4.15. Time history of the 158-meter level, ten-minute mean sonic derived wind 
speed and direction on 25 May 2004 from 00 – 13 UTC. The wind speed, in m s-1, is 
represented by the blue line and the left y-axis. The wind direction, in degrees, is 
represented by the green line and the right y-axis. 
 

 
 
Figure 4.16. Time history of the 116-meter level, ten-minute mean sonic derived wind 
speed and direction on 25 May 2004 from 00 – 13 UTC. The wind speed, in m s-1, is 
represented by the blue line and the left y-axis. The wind direction, in degrees, is 
represented by the green line and the right y-axis.  
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            The passage of the boundary occurred nearly 2 hours after the jet maximum 

occurs but the overall structure of the jet did not change until 0700 UTC. The vertical 

depth of the jet decreased to about 500 meters after 0700 UTC. The jet feature eventually 

dissipated just prior to 1200 UTC.  

 

4.1.3    Temperature and Stability Characteristics 

The analysis of the temperature field and corresponding variances is vital in 

characterizing the turbulence, which is generated beneath jet maxima. The key feature of 

the 25 May 2004 was the interaction of a well-defined low-level jet and a passing outflow 

boundary generated from convection over western Oklahoma.  This section will focus on 

the layer sampled by the instrumented tower.  The vertical profiles of potential 

temperature were calculated from the temperature and derived pressure for each 

instrumented level. 

The vertical profiles of potential temperature in Figure 4.17 illustrate the 

development of the nocturnal boundary layer. At 00 UTC, the vertical profile was neutral 

to weakly stable with the mean potential temperature of the entire layer of the 

instrumented tower increasing with height. The actual height of the nocturnal inversion 

cannot be determined due to the lack of the RASS temperature profiles. The National 

Weather Service soundings for Midland and Amarillo, Texas, in Figures 4.8 and 4.9 

indicate an inversion height of approximately 1400 meters. The potential temperature 

profile from the instrumented tower indicated a weakly unstable layer between 46 and 74 

meters, this can also be seen in Figure 4.17. The layer stabilizes after 04 UTC. After 

which, the entire depth of the tower is weakly stable. The layer between 74 and 116 

meters by 06 UTC has become unstable with potential temperature decreasing with 

height.  This time period corresponds to the passage of the outflow boundary described 

earlier. The passage of the boundary can be seen as well in the one-minute mean 

temperature time history in Figure 4.18.  There was a significant drop in temperature at 

all levels near 0510 UTC, then a rise in temperature approximately 10 minutes following 

the passage of the nose of the outflow boundary. The temperature continued to fall 
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throughout the reminder of the observation period. The potential temperature profile 

exhibited significant changes following the passage of the boundary. By 07 UTC the 74- 

to 116-meter layer had become very unstable as seen in Figure 4.19. Figure 4.20 

illustrates the evolution of the potential temperature profile during the three hours after 

the current passed the instrumented tower. The layer remained unstable through 13 UTC 

and possibly beyond the period of observation. This layer was conducive to turbulent 

wave motions. 

 

 
Figure 4.17. Vertical profiles of potential temperature, in Kelvin, calculated from the one-
minute mean temperature and derived pressure for each level of the Texas Tech 200-
meter instrumented tower. The data shown is from a calculated ten-minute mean on 25 
May 2004 from 00 – 06 UTC. 
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Figure 4.18. The one-minute mean temperature time history, in Kelvin, for all levels 
between 4 and 158 meters from the Texas Tech 200-meter instrumented tower. The top 
plot is from 00 – 13 UTC. The bottom plot is from 02 – 06 UTC, 25 May 2004. The 
black arrow indicates the passage of the outflow boundary. 
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Figure 4.19. Vertical profiles of potential temperature, in Kelvin, calculated from the one-
minute mean temperature and derived pressure for each level of the Texas Tech 200-
meter instrumented tower. The data shown is from a calculated ten-minute mean on 25 
May 2004 from 07 – 13 UTC. 
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Figure 4.20. Time history contour of the one-minute mean computed potential 
temperature for 25 May 2004. The top left plot is from 05 - 06 UTC. The top right plot is 
from 06 – 07 UTC. The plot above is from 07 – 08 UTC.  
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4.1.4  Turbine Layer Shear and  Stability Characteristics 

This section will characterize the shear present beneath the low-level jet 

maximum. The 46- to 158-meter layer shear exponent and Richardson number were 

calculated. Figure 4.21 illustrates the time history of both quantities during the period of 

observation. The layer-mean shear exponent was briefly below the IEC standard wind 

profile value of 1/7 but quickly increased as the jet becomes established. It remained 

above this value for the reminder of the period. The dominant mode for the shear 

exponent was 0.4 and 0.65 as seen in Figure 4.22. The passage of the outflow boundary is 

characterized by a decrease in the shear exponent. The Richardson number remained 

above the critical value of 0.25 (Howard, 1961) until the passage of the boundary. It 

quickly increased then decreased to 0.15 after the passage of the current and remained 

below the critical value until approximately 0715 UTC and then increased. Turbulent 

motions would not have been suppressed as the current passed. The Richardson number 

does not ever fall below 0 though.  

 

 
 
Figure 4.21. The time history of the 46- to 158-meter ten-minute layer mean shear 
exponent (α) and Richardson number.  The shear exponent is shown as a red line. The 
Richardson number is shown as a blue line. The dashed blue line represents the critical 
value of 0.25. The dotted line represents the IEC standard wind profile shear exponent 
value of 1/7. 
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Figure 4.22. Histogram of the 46- to 158-meter layer ten-minute mean shear exponent for 
25 May 2004 from 00 – 13 UTC. 
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4.1.5   Turbulent Characteristics 

 This section will examine the turbulence generated during the low-level jet event 

of 25 May 2004. Banta et al. (2002), Sun et al. (2002) and Kelley et al. (2004) have 

shown that increases in the variances and standard deviations of the temperature and 

wind fields are indicators of the presence of turbulent motions. This section will examine 

both quantities with respect to the wind and temperature fields over the depth of the 

instrumented tower. The time histories of vertical velocity (w) and turbulent kinetic 

energy are also quantities used to identify bursts of turbulence and will be included as 

well.   

 The main source of turbulence beneath the low-level jet feature of 25 May 2004 is 

the interaction between the jet and a passing outflow boundary. The outflow boundary 

can be characterized as a type of density current as described by Sun et al. (2002). The 

passage of such boundaries is characterized by enhanced turbulent mixing. The time 

history of vertical velocity, as seen in Figure 4.23, exhibited sharp downward motion at 

the 158- and 116-meter levels, followed by upward motion. The vertical velocity 

increased quickly at the 75- and 46-meter levels followed by a decrease. The 10-meter 

level exhibited sustained upward motion as the nose of the current passed. The end of the 

observation period is characterized by another increase in vertical velocity, but this is due 

to the development of convective mixing after sunrise. The variances also show the 

presence of turbulent motions near the top of the tower. A period of high variances 

occurred just prior to 0500 UTC, the time the nose of the current passed the tower, 0530 

UTC. Figure 4.24 shows the enhanced variances between the 75- and 158-meter levels 

with smaller bursts near 10 meters. This result indicates that turbulent mixing occurred as 

the current passed the tower. 
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Figure 4.23. The time history of the one-minute mean sonic derived vertical velocity (w) 
for 25 May 2004 from 00 – 13 UTC. The top plot is the 158m level. 
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Figure 4.24. Time history contour plot of the w variances on 25 May 2004 from 04 – 10 
UTC.  
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 The analysis of the u-component variances showed horizontal changes in the 

flow. Prior to the passage of the current, the variance exhibits a maximum at the top two 

levels of the instrumented tower, as seen in Figure 4.25. The maximum occurs near 0430 

UTC and corresponds to the rapid veering of the wind prior to the arrival of the outflow 

boundary, as seen in Figure 4.14. The variances decrease in magnitude as the current 

passed the tower. 

 
Figure 4.25. Time history of u component variances from 04 – 12 UTC on 25 May 2004.    

 

 The calculations of TKE allowed for the magnitude and duration of turbulence to 

be observed. Once again the passage of the outflow boundary is the main feature that 

dominated turbulence production. Another smaller burst of turbulence occurred prior to 

the passage of the boundary at 02 UTC and persisted for nearly an hour. This burst can be 

seen in Figures 4.13 and 4.26. The initial current resulted in a drop in horizontal wind 

speed and an increase in TKE at the 116- and 158-meter levels. This feature though was 

not visible in the lower instrumented levels, as well as in the temperature time history or 
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vertical velocity time history. The passage of the outflow boundary generated turbulence 

of a higher magnitude and duration. The 116- and 158-meter levels of the instrumented 

tower observed high values of TKE for just over two hours, following the passage of the 

boundary. The 46-meter level exhibited less turbulence, occurring over a shorter duration. 

The burst of turbulence associated with the passage of the boundary only lasted for a 

period of 15 minutes. The current is hardly distinguishable at the 10-meter level.  The 

vertical profile increased with height throughout the night and especially during the 

passage of the current. This result is consistent with the “upside down” boundary layer 

occurring with low-level jet events (Mahrt and Vickers, 2002). 
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Figure 4.26. The time history of turbulent kinetic energy (TKE), in m2s-2,  for 25 May 
2004, from 00 – 13 UTC. The time series includes the 10-, 46-, 75-, 116-, and 158-meter 
levels of the Texas Tech 200-meter instrumented tower. 
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4.2   2 June 2004 

The data presented in this section is from 00 through 16 UTC for 2 June 2004. The low-

level jet feature described in this section fits the criteria specified in Chapter I. The 

following sections will describe the synoptic conditions at 00 and 12 UTC, which is prior 

and after the establishment of a low-level jet, the characteristics of the jet feature, 

possible forcing mechanisms, and turbulence associated with the jet.  

 

4.2.1    Synoptic Conditions 

 The synoptic conditions for the 2 June 2004 low-level jet event were relatively 

quiescent. There was little synoptic-scale forcing to influence the development of the jet 

feature, and thus it will not be presented in significant detail, as it was in the 25 May 

2004 event. The 300 mb 00 UTC analysis showed northwesterly flow across the South 

Plains and Panhandle of Texas at 50 knots.  The flow at 500 mb was northwesterly as 

well, at 30 knots. A moisture axis at 700 mb was located from east Texas through western 

Oklahoma. Surface analysis showed the presence of a dryline located between Abilene 

and Wichita Falls, Texas. The dryline retreated over the course of the night and passed 

Lubbock and Reese Technology Center around 09 UTC. Convection developed over 

central and east Texas in response to convergence along the dryline, as can be seen in 

Figure 4.27. There was neither satellite nor surface evidence of any outflow boundaries 

crossing the South Plains and Panhandle regions during the period of observation. The 

surface winds across the Panhandle and South plains began the evening in a northerly 

direction and then veered to easterly, as the retreating dryline passed. Winds remained 

easterly at 10 knots or below through the remainder of the period.  

 The conditions at 12 UTC were very similar to the 00 UTC observations. The 300 

mb analysis showed northwesterly flow at 35 knots. At 500 mb, the flow was zonal at 25 

knots. The low-level jet became evident at 850 mb, with the Midland, Texas, 12 UTC 

sounding indicating a 30-knot low-level jet. The inversion height was near 850 mb or 

1476 meters at Midland. This inversion is seen in Figure 4.28, along with the evidence of 

a low-level jet.   
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Figure 4.27. Visible satellite image from 2 June 2004 at 0015 UTC. 
 
Source: http://locust.mmm.ucar.edu/case-selection/ 
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Figure 4.28. Midland, Texas sounding from 2 June 2004 at 12 UTC. 
 
Source: http://vortex.plymouth.edu/uacalplt-u.html 
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4.2.2   Low-Level Jet Characteristics 

 The 2 June 2004 low-level jet event can be broken into two distinct jet features. 

The two jet structures both exhibited maxima of greater than 16 m s-1, as seen in Figure 

4.29.  The duration of the event was approximately 8 hours, from 04 to 12 UTC. The lack 

of large-scale synoptic forcing allowed the mechanisms described by Blackadar (1957) 

and Holton (1967) to contribute to the development of the jet. 

 

  

Figure 4.29. The time history contour of the horizontal wind, as observed by the West 
Texas Mesonet boundary layer profiler, for the 2 June 2004 low-level jet event, from 00 – 
14 UTC. Two distinct jet features are evident. The first observation is at 0.16 kilometers. 
Data loss is noted in the layer between 0.9 and 1 kilometer. 

 

The first jet structure developed just prior to 0500 UTC. The maximum horizontal 

wind speed observed by the boundary layer profiler was 18.3 m s-1, at 0605 UTC, with a 

height of 289 meters. The instrumented tower observed a maximum at the 158-meter 

level of 21.2 m s-1 at 0641 UTC. The jet maximum for the first structure potentially 
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occurred beneath 200 meters, lack of data between 158 and 289 meters does not allow for 

this conclusion to be made. The jet maximum, observed by the tower, only lasted 

approximately two hours. The feature though extended downward to the 46-meter level, 

where horizontal wind speeds of 15 m s–1 were observed, as seen in Figure 4.30. This 

indicated the downward transport of higher momentum air beneath the jet maximum. The 

depth of the jet structure itself was approximately 700 meters. The vertical wind profile 

from the instrumented tower can be seen in Figure 4.31. The vertical wind profile 

observed by the boundary layer profiler exhibited a linear decrease in wind speed above 

the jet maximum, as shown in Figure 4.32. This is a characteristic of the Great Plains 

low-level jet described by Whiteman et al. (1997), Mitchell et al. (1995), and Bonner 

(1968). This feature persisted until 0830 UTC. It was replaced by a slightly weaker and 

higher jet, which lasted to near 12 UTC before dissipating. 

 

  Figure 4.30. The time history contour of the sonic derived ten-minute mean horizontal 
wind speed, as observed by the Texas Tech 200-meter instrumented tower, for 2 June 
2004 from 00 – 14 UTC. 
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Figure 4.31. The sonic derived ten-minute mean horizontal vertical wind profile, as 
observed by the Texas Tech 200-meter instrumented tower. The top plot is from 00 – 06 
UTC. The bottom plot is from 07 – 13 UTC. The black arrow indicates the possible jet 
maximum at the 158-meter level. 
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Figure 4.32. Vertical wind profile of the initial jet feature, as observed by the West Texas 
Mesonet boundary layer profiler. The black arrow indicates the jet maximum found by 
the profiler of the initial jet feature. 
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 The secondary and weaker jet feature developed near 09 UTC with a maximum of 

17.8 m s-1 at an altitude of 564 meters. The jet maximum occurred at 0935 UTC. This 

second feature extended in depth from above 1 kilometer down to just below 300 meters. 

The entire layer observed by the instrumented tower was located beneath the jet 

maximum. The secondary jet feature can be seen in the vertical wind profiles in Figures 

4.33 and 4.29. The secondary feature is much more ragged in appearance. The flow 

above the maximum did not decrease as rapidly as the initial feature but still maintained 

the appearance of a linear decline.  

 

 
Figure 4.33. Vertical wind profile as observed by the West Texas Mesonet boundary 
layer profiler for 2 June 2004 from 0705 - 1005. The black arrow indicates the location of 
the secondary jet maximum seen during this low-level jet event. 

 

The wind direction during the low-level jet was virtually unidirectional with 

respect to height but did veer in direction with time. The veering is visible in Figure 4.34. 

The horizontal wind was primarily easterly. This flow persisted through the duration of 

the initial jet feature, as the secondary feature developed the direction veered more 

quickly with time. The wind became south-southeasterly by the end of the observation 

period. This veering indicated an impact from inertial oscillations on the jet development 

and structure (Blackadar, 1957). Reese Technology Center sits at latitude of 32o 35 ‘N. 
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The inertial oscillation period for this location is approximately 21.5 hours. The 

oscillation begins at the time the surface heat flux changes sign from positive to negative 

(approximated to be between 00 to 02 UTC during the warm season months). The 

oscillation would align with a mean easterly wind approximately 5.5 hours later. This 

corresponds closely to the development of the initial jet maximum and the veering of the 

wind direction following the initial jet development.    

 

 
Figure 4.34. Time history contour of the horizontal wind direction as observed by the 
West Texas Mesonet boundary layer profiler, for 2 June 2004 from 00 – 14 UTC. 
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4.2.3   Temperature and Stability Characteristics 

 The temperature time series of during the lifecycle of the jet feature is seen in 

Figure 4.35. The most notable feature is an increase in temperature at the 116- and 158-

meter levels beginning at 0930 UTC. The temperature increased steadily at the 158-meter 

level over the next two hours before it decreased just after 12 UTC. The increased 

temperature strengthened the stability of the layer beneath the jet. The lower levels of the 

tower did not show evidence of this increase. The temperature increased at the 4-, 10-, 

and 17-meter levels shortly after 12 UTC, as heating began to take place.  

 

  
Figure 4.35. Time history of the one-minute mean temperature for 2 June 2004 from 00 – 
14 UTC.  
 

 The vertical profile of potential temperature indicated an unstable layer between 

46 and 75 meters at 00 UTC. The layer above was stable, with a profile increasing with 

height. The 4- to 46-meter layer was also stable. The unstable layer stabilized with time 

as seen in Figure 4.36. This layer stabilized while the 75- to 116-meter layer became 

weakly unstable by 06 UTC.  The layer remained unstable until after 10 UTC, when the 

profile increased with height. The entire layer observed by the instrumented tower 
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remained stable until near 13 UTC when the 75- to 116-meter layer became unstable 

again. This is seen in Figure 4.37 and 4.38. Turbulent mixing occurred in this layer. 

 

 
Figure 4.36. Vertical profile of the one-minute mean computed potential temperature for 
2 June 2004 from 00 – 06 UTC.  
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Figure 4.37. Vertical profile of the one-minute mean computed potential temperature for 
2 June 2004 from 07 – 13 UTC. 
 
 

 
 
Figure 4.38. Time history contour of the one-minute mean computed potential 
temperature for 2 June 2004 from 09 – 13 UTC. 
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4.2.4   Turbine Layer Shear and Stability Characteristics 

 The Richardson number during the duration of the initial jet feature remained just 

below the critical value of 0.25 (Howard, 1961) for the 46- to 158-meter layer. It began 

above 0.25 at the beginning of the observation period then dropped below the critical 

value near 0230 UTC.  This corresponds to the period when the initial jet feature began to 

develop. The time history of the Richardson number is seen in Figure 4.39, along with the 

layer mean shear exponent. The Richardson number rose above the critical value just 

after 0930 UTC as the secondary jet developed and became established. The Richardson 

number remained well above the critical value for the remainder of the observation 

period. This rise corresponds to the stabilization of the layer occupied by the 

instrumented tower seen in the potential temperature profile in Figures 4.37 and 4.38. The 

stability increased as the second and higher jet feature developed.  

 The shear exponent time history, also seen in Figure 4.39, remained well above 

the IEC standard wind profile value for the entire period of observation. The dominant 

mode for the shear exponent was between 0.53 and 0.85, as seen in Figure 4.40. The 

shear in the 46- to 158-meter layer remained high for both jet feature but was at its peak 

during the initial jet feature, which showed a maximum beneath 200 meters. The shear 

exponent did decrease as the second jet took over but still remained well above the IEC 

normal wind profile value of 1/7.  

 

 

 95



 
Figure 4.39. Time history of the 46- to 158-meter layer ten-minute mean shear exponent 
and Richardson number for 2 June 2004 from 00 – 14 UTC. The Richardson number is 
represented in blue. The shear exponent is represented in red. The dashed line is the 
critical Richardson number of 0.25 (Howard, 1961). The dotted line is the IEC normal 
wind profile exponent value of 1/7. 
 
 
 

 
 
Figure 4.40. Histogram of the 46- to 158-meter layer ten-minute mean shear exponent. 
The vertical dotted line represents the IEC normal wind profile exponent value of 1/7. 
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4.2.5   Turbulent Characteristics 

 The turbulence generated by the two 2 June 2004 low-level jet features was much 

less than that seen in the 25 May 2004 case. The time history of vertical velocity from the 

instrumented tower showed little variation with time. The transition period is visible from 

00 to just prior to 02 UTC, as convective mixing ceased. The vertical velocities during 

the initial jet feature were relatively constant and did not show any evidence of strong 

turbulent mixing.  

 The transition period is once again visible in the time history of TKE and 

exhibited a profile, which decreased with height. The TKE decreased as the initial jet 

developed and remained relatively low in magnitude. There was little evidence of 

turbulent bursts during the lifecycle of the first jet feature. As the second jet developed, 

there was an increase in TKE, which began near 0930 UTC. The TKE reached a 

maximum just after 10 UTC and periodic bursts occurred in the subsequent hours. The 

highest magnitudes were at the 158- and 116-meter levels, with TKE increasing with 

height. This result again illustrates the “upside down” nocturnal boundary layer described 

by Mahrt and Vickers (2002). Turbulence was generated beneath the secondary jet and 

decreased beneath, as seen in Figure 4.41. The bursts of turbulence, as the second jet 

became established, were visible at all levels in the time history though.   

 The turbulence at the top levels of the instrumented tower was visible in the time 

history of the standard deviations of the u component, as seen in Figure 4.42. The 

increased deviations occurred just after 10 UTC, after the second jet had become 

established. The greater deviations were visible in the 10-, 46-, and 75-meter levels but 

were much less in magnitude. The turbulence was not evident in the standard deviation 

time history of the w component, though the transition period showed high deviations.    
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Figure 4.41. Time history of one-minute mean TKE for 2 June 2004 from 00 – 16 UTC. 
The 10-, 17-, 46-, 75-, 116-, 158-meter levels are shown. 
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Figure 4.42. Time history of the one-minute mean standard deviations of the u 
component, with corresponding offsets for 2 June 2004 from 00 – 16 UTC. The top plot 
is from the 10-, 17, and 46-meter levels. The bottom plot is from the 75-, 116-, and 158-
meter levels. 
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4.3   21 June 2004 

The tower data presented in this section is from 01 through 12 UTC for 21 June 

2004. The boundary layer profiler data presented is from 00 – 13 UTC. The low-level jet 

feature described in this section fits the criteria specified in Chapter I. The following 

sections will describe the synoptic conditions at 00 and 12 UTC, which are prior, and 

after the establishment of a low-level jet, the characteristics of the jet feature, possible 

forcing mechanisms, and turbulence associated with the jet. 

 

4.3.1   Synoptic Conditions 

 The synoptic analysis for 21 June 2004 at 00 UTC indicated a weak 300 mb jet 

extending from West Texas across Oklahoma, Kansas, and into Missouri. The South 

Plains region was located in the right entrance region of the 50-knot upper-tropospheric 

westerly jet.  The 500 mb flow was westerly at 25 knots, with a short-wave trough 

located over southern California and western Arizona. The 700 and 850 mb analysis 

indicated weak southwesterly flow. A moisture axis was located across West Texas and 

extended northward into western Colorado. The winds at the surface were southerly with 

a dryline located well into New Mexico.    

 The 12 UTC analysis continued to show a weak 300 mb jet across the plains, with 

West Texas still in the entrance region of the upper jet. The 500 mb flow was very weak 

at 20 knots from the west. The moisture axis was still visible at 700 mb. The 850 mb 

analysis indicated a 50-knot low-level jet at Amarillo, Texas. This low-level jet can be 

seen in Figure 4.43 and 4.44. The nocturnal inversion was located near 825 mb at 

Amarillo, as seen in Figure 4.44. Convection was ongoing across the Oklahoma 

Panhandle into Kansas. Thunderstorms were reported at Gage, Oklahoma, and Great 

Bend, Kansas. The convection initiated the propagation of an outflow boundary, which 

traversed the northern Texas Panhandle.  The surface winds veered to southwesterly over 

the course of the nighttime hours.       

 The synoptic analysis did not reveal the classic Type II conditions described in 

Chapter II, by Uccellini (1980). There was not a well-defined ridge over the plains but 
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the flow was weak at the mid- and upper-levels. There was not significant synoptic 

forcing to generate the low-level jet but the South Plains was located in the exit region of 

the weak jet. The low-level jet likely developed in response to the forcing described by 

Holton (1967) and Blackadar (1957) but some synoptic influences may have contributed. 

 

   
 

Figure 4.43. 850 mb analysis for 21 June 2004 at 12 UTC.  

Source: http://locust.mmm.ucar.edu/case-selection/ 
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Figure 4.44. Amarillo, Texas sounding from 21 June 2004 at 12 UTC. The black arrow 
indicates the low-level jet. 
 
Source: http://www.rap.ucar.edu/weather/upper 

 

 

 

 

 102



4.3.3   Low-Level Jet Characteristics  

The instrumented tower first detected the low-level jet shortly before 05 UTC. 

The boundary layer profiler at this time did not indicate the presence of a well-defined 

jet. The structure was not well organized. The jet became more organized after 06 UTC 

and reached a maximum of 25.7 m s-1 at a height 234 meters at 1035 UTC. The 

instrumented tower observed a maximum of 15.9 m s-1 at both the 116- and 158-meter 

levels, at 0531 UTC and 0417 UTC, respectively. The jet feature had two distinct cores 

with the lowest exhibiting the highest wind speed, as seen in Figure 4.45. The jet feature 

extended upward to 900 meters. The jet, as observed by the instrumented tower, persisted 

through the remainder of the observation period, as seen in Figure 4.46. The jet began to 

deteriorate after 12 UTC. The ragged structure of the jet can be seen in the vertical wind 

profile as seen in Figure 4.47.  

 

 
Figure 4.45. Time history contour of the horizontal wind speed observed by the West 
Texas Mesonet boundary layer profiler for 21 June 2004 from 00 – 13 UTC. 
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Figure 4.46. Time history contour of the ten-minute mean horizontal wind speed 
observed by the Texas Tech 200-meter instrumented tower for 21 June 2004 from 01 – 
12 UTC. 
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Figure 4.47. Vertical profile of the horizontal wind as observed by the West Texas 
Mesonet boundary layer profiler for 21 June 2004 from 0035 – 1335 UTC. The black 
arrows indicate jet maxima.  
 
 The wind direction began the evening as southeasterly. The direction quickly 

veered to south southwesterly just prior to 06 UTC as the jet began to develop. The 

direction remained relatively unidirectional with height as the jet was established from 07 

to 11 UTC except for the lowest range gates of the profiler. West-southwesterly winds 

were observed in the lowest 300 meters beginning just after 07 UTC. This veering in the 

lowest levels created a profile, which backed with height as seen in Figure 4.48.  The 

wind direction associated with the jet core veered slowly with time. The time period for 
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the inertial oscillation to align with the mean southerly flow was approximately 10 hours. 

This corresponds to the development of the two distinct jet cores and maxima. The 

processes described by Blackadar (1957) once again appear to have played a significant 

role in the development of the jet. The wind direction does not veer significantly over 

time at the height of the jet maximum though, and this differs from that observed in the 2 

June 2004 case.  The effects due to sloping terrain (Holton, 1967) may have also 

influenced the jet as well. 

 

 
Figure 4.48. Time history contour of horizontal wind direction as observed by the West 
Texas Mesonet boundary layer profiler for 21 June 2004 from 00 – 14 UTC.  
 

4.3.4   Temperature and Stability Characteristics 

 The time history of the temperature data revealed the presence of two distinct 

oscillations. The first occurred between 0330 UTC and 0430 UTC. The second occurred 

between 0600 UTC and 0645 UTC but had a reduced magnitude. The time history is seen 

in Figure 4.49. The vertical profile of potential temperature indicated an unstable layer at 

01 UTC between 46 and 75 meters. The potential temperature decreased by 1.5 K over 

the depth of the layer. This layer stabilized over time and by 04 UTC became neutral. The 
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layer was stable by 07 UTC as seen in Figure 4.50. During this time the layer from 75 to 

116 meters destabilized. This layer at 01 UTC was stable with potential temperature 

increasing by 1 K. The destabilization began to take place as the jet became better 

organized. The layer continued to destabilize over the remainder of the period and by 12 

UTC the potential temperature decreased by 3 K through the depth of the layer. This once 

again indicated the presence of turbulent mixing beneath the jet. The 116- to 158-meter 

layer remained very stable throughout the period of observation, as did the 4- to 46-meter 

layer. Figure 4.51 shows the evolution of the potential temperature profile with time as 

the jet developed and became established.  

 

  
 
Figure 4.49. Time history of the one-minute mean temperature for 21 June 2004 from 01 
– 12 UTC as observed by the Texas Tech 200-meter instrumented tower   
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Figure 4.50 Vertical profile of the one-minute mean computed potential temperature for 
21 June 2004 as observed by the Texas Tech 200-meter instrumented tower. The top plot 
is from 01 – 07 UTC. The bottom plot is from 08 – 12 UTC. 
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Figure 4.51 Time history contour of the one-minute mean computed potential 
temperature for 21 June 2004 as observed by the Texas Tech 200-meter instrumented 
tower. The top plot is from 01 – 06 UTC. The bottom plot is from 06 – 12 UTC. 
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4.3.4   Turbine Layer Shear and Stability Characteristics 

 The analysis of the 46- to 158-meter layer Richardson number once again 

indicated the conditions necessary for turbulent motions to sustain themselves. The 

Richardson number during the transition period was well above the critical value of 0.25 

(Howard, 1961). As the jet developed the value dropped significantly from a value of 0.8 

to 0.17 during the time period from 04 UTC to 0445 UTC. It remained below the critical 

value throughout the next 7 hours. Turbulent motions could have existed during this time 

frame. The time history of the bulk Richardson number is seen in Figure 4.52 along with 

the shear exponent.  

 

  
Figure 4.52. Time history of the 46- to 158-meter layer ten-minute mean shear exponent 
and Richardson number. The blue solid line is the Richardson number. The red solid line 
is the shear exponent. The dashed line is the critical Richardson number of 0.25 (Howard, 
1961). The dotted line is the IEC normal wind profile standard exponent of 1/7. 
 

 The time history of the shear exponent, also seen in Figure 4.52, indicated high 

shear once again beneath the jet. The shear exponent remained above the 1/7 standard 

value for the entire period. It reached a peak at 0930 UTC of 0.78. This does maximum 

not correlate to the time of the maximum wind speed observed by the instrumented tower 
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but is during the time period when the overall jet structure had become organized. 

Oscillations were observed as the jet was beginning to develop. The shear then increased 

steadily after 0430 UTC until it reached its peak. The histogram of the shear exponent in 

Figure 4.53 did not appear to exhibit a Gaussian distribution, as seen in the previous two 

low-level jet cases. The dominant values were spread between 0.5 and 0.78. 

 

   
Figure 4.53. Histogram of the ten-minute mean 46- to 158-meter layer shear exponent. 
The dashed vertical line is the IEC normal wind profile exponent value of 1/7. 
 

4.3.5   Turbulent Characteristics 

 The 21 June 2004 low-level jet event was characterized by one significant burst of 

turbulence as the jet developed. The layer occupied by the tower showed little evidence 

of turbulent motions, which differs from the previous two cases. The temperature 

variance time history indicated the presence of enhanced turbulence between 0330 UTC 

and 0430 UTC, as seen in Figure 4.54. This was also visible in the temperature time 

history shown in Figure 4.49.  The duration of the enhanced turbulence was 

approximately one hour, though the variance time history indicated distinct wave motions 

with a period less than ten minutes.  
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Figure 4.54. Time history contour of the one-minute mean temperature variance for 21 
June 2004 from 0300- 0440 UTC.  
 

 The transition from the convective to the nocturnal boundary layer is observed 

between 01 and 02 UTC. The analysis of the u component standard deviations at the 75-, 

116-, and 158-meter levels, showed peaks during this time frame. The enhanced 

turbulence described earlier is also visible as a peak with a similar magnitude, as seen in 

Figure 4.55. The analysis of the w component standard deviation exhibited evidence of 

enhanced turbulence but was much less in magnitude than that of the u- component. The 

time history of the 158-meter kinematic heat flux also showed enhanced turbulence 

resulting in a downward transport of heat during this time, as seen in Figure 4.56.  
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Figure 4.55. Time history of the 75-, 116-, and 158-meter one-minute mean u component 
standard deviations with corresponding offsets for 21 June 2004 from 01 – 12 UTC.  
   

 
Figure 4.56. Time history of the 158-meter one-minute mean kinematic heat flux (w’T’) 
for 21 June 2004 from 01 – 12 UTC. 
  

The computed TKE was able to resolve the burst of turbulence between 0330 and 

0430 UTC as well as the transition period. The magnitude of the enhanced turbulence is 

similar to that observed in turbulent bursts in the 2 June 2004 low-level jet event. The 
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vertical profile again for the 21 June 2004 case increased with height. This once again 

strengthens the idea of an “upside down” boundary layer (Mahrt and Vickers, 2002). 

Figure 4.57 shows the time history of TKE over the layer observed by the instrumented 

tower. The value of TKE following the burst remained below 1.25 for the remainder of 

the observation period.  

 

 

 

 

 

 

 

 

 

 
  

Figure 4.57. Time history of the one-minute mean TKE for 21 June 2004 from 01 –12 
UTC. The 17-meter level is excluded due to the loss of data from the 17-meter sonic 
anemometer.  

 

The 21 June 2004 low-level jet event did not generate the prolonged large 

amounts of TKE as observed in the previous low-level jet cases examined. There was one 

distinct burst of turbulence, which lasted for approximately one hour. The lack of well- 
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defined turbulence even though the conditions were favorable for turbulent motions to 

exist illustrates the highly variable nature of low-level jet phenomenon. The vertical 

profile of TKE did increase with height. This was observed in all three low-level jet 

events. 

 115



CHAPTER V 

SPECTRAL ANALYSIS 

 

5.1   25 May 2004 

 The results presented in this section are the spectral analysis of the u (along wind) 

and w (vertical) turbulent components for the low-level jet event on 25 May 2004. One-

minute mean perturbations were computed and then a Fast Fourier Transform was 

performed on the dataset. The 4-, 10-, 46-, 75-, 116-, and 158-meter levels are included. 

The 17-meter level is removed due to faulty instrumentation as described in Chapter III. 

 The analysis of the power spectral density allowed for the computation of the 

dominant wave period. The 25 May 2004 event was characterized by the interaction of a 

synoptically forced, westerly low-level jet and a thunderstorm outflow boundary. The 

interaction of the two resulted in prolonged turbulence, as the boundary passed the 

instrumented tower. The turbulent components exhibited a peak frequency between 

0.0008 and .0018 s-1. The resulting wave period was found to be approximately 11 to 16 

minutes. The observed period was consistent for all levels. This corresponds to a period 

common to Kelvin-Helmholtz waves (Kelley et al., 2004; Blumen et al., 2001).  The 

waves propagated with the mean flow allowing for a wavelength to be computed. The 

158-meter level exhibited a mean wind over the period of observation of 11.2 m s-1, 

resulting in a wavelength of approximately 80 meters. This wavelength was similar at the 

116-meter level, which exhibited a mean horizontal wind speed of 12.6 m s –1 resulting in 

a wavelength of approximately 71 meters. Figure 5.1 illustrates the normalized u’ power 

spectral density for the 4-, 10-, 46-, 75-, 116-, and 158-meter levels.  Figure 5.2 shows 

the normalized power spectral density for the w turbulent component. The secondary 

peaks in the w’ spectrum are most likely due to motions at smaller scales that could not 

be resolved in the one-minute mean perturbation time history. Dominant frequencies are 

not distinguishable at the 4-, 10- and 46-meter levels, which is consistent with the 

findings of Blumen et al. (2001) and Banta et al. (2002). The time period from 0530 UTC 

through 0715 UTC was conducive for wave motions as the 46- to 158-meter layer 
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Richardson number was below the critical value of 0.25 (Howard, 1961). Turbulent 

motions would not have been significantly damped. The wave periods correspond to that 

of Kelvin-Helmholtz instabilities. Observations of density currents have shown that K-H 

waves can develop at the interface between the boundary and the ambient air (Sun et al., 

2002; Droegemeier and Wilhelmson, 1986). This particular event produced prolonged 

turbulence over the course of several hours. The necessary conditions were met for the 

development of turbulent structures. Blumen et al. (2001) have shown that K-H waves 

are largely two dimensional in the along wind and vertical directions. 
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Figure 5.1. Normalized u’ power spectral density for the 4-, 10-, 46-, 75-, 116-, and 158-
meter levels from 00 – 13 UTC. The power is normalized by its variance. The frequency 
is normalized with respect to height and the mean wind speed.  
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Figure 5.2. w’ power spectral density for the 4-, 10-, 46-, 75-, 116-, and 158-meter levels 
from 00 - 13 UTC. The power is normalized by its variance. The frequency is  
normalized with respect to height and the mean flow. 
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5.2   2 June 2004 

 The results presented in this section are the spectral analysis of the u and w 

turbulent components for the low-level jet event on 2 June 2004. One-minute mean 

perturbations were computed and then a Fast Fourier Transform was performed on the 

dataset. The 10-, 17-, 46-, 75-, 116-, and 158-meter levels are included. The 17-meter 

level is included for this event and the 4-meter level is excluded. 

 The 2 June 2004 low-level jet event was marked by the development of two 

separate jet structures. The first exhibited a maximum below 200 meters. The second 

maximum occurred at a higher altitude. The jet event exhibited the characteristics of a jet 

developed by the processes described by Blackadar (1957) and Holton (1967). The decay 

of the initial jet led to bursts of turbulence at the 116- and 158-meter levels, as seen in 

Figures 4.42 and 4.43. The analysis of the turbulent component power spectrum at these 

levels revealed the dominant wave period between 5-9 minutes. The normalized power 

spectrum is seen in Figure 5.3 for u’. The wavelength is computed using the mean wind 

speed at each level and the computed wave period from the un-normalized power 

spectrum. The 158-meter level exhibited a mean wind speed of 11.8 m s-1 over the period 

of observation. The dominant perturbations propagating along the mean flow exhibited a 

wavelength of approximately 33 meters. The 46-, 75-, and 116-meter levels all observed 

a wave period of 5-9 minutes resulting in wavelengths between 30 and 40 meters. This is 

significantly smaller than that observed in the previous case. The instabilities generated 

due to the low-level jet do not appear to be the coherent Kelvin-Helmholtz waves but 

smaller scale instabilities generated by the sheared flow. The w’ normalized power 

spectrum is seen in Figure 5.4.  Multiple peaks are seen in the w’ spectrum resulting from 

smaller scale motions that were unable to be resolved. The presence of smaller scale 

motions with periods less than one minute indicated the presence of shear instabilities, as 

shown by Newsom and Banta (2002). The Richardson number for the 46- to 158-meter 

layer was below 0.25 for the duration of the initial jet feature then quickly rose above the 

critical value. The bursts of turbulence occurred as the initial feature decayed and the 

second jet core became established. The shear in this layer was relatively constant. Shear 
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instabilities were generated in this layer as the second jet developed, though buoyant 

damping inhibited the growth of the wave motions into lower levels. The statically 

unstable layer between 75 and 116 meters (seen in the vertical profile of potential 

temperature) allowed the wave motions to persist. This is longer than the period observed 

by Newsom and Banta (2002) during the CASES-99 field project, which was 

approximately one minute. However, using the one-minute mean perturbations, anything 

on this time scale would not be resolved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.3. u’ normalized power spectral density for 2 June 2004 from 00 – 16 UTC. The 
power is normalized by its variance. The frequency is normalized with respect to height 
and the mean horizontal wind speed. 
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Figure 5.4.  w’ normalized power spectrum for 2 June 2004 from 00 – 14 UTC. The 
power is normalized by its variance and the frequency is normalized with respect to  
height and the mean flow. 
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5.3   21 June 2004 

 The results presented in this section are the spectral analysis of the u and w 

turbulent components for the low-level jet event on 21 June 2004. One-minute mean 

perturbations were computed and then a Fast Fourier Transform was performed on the 

dataset. The 4-, 10-, 46-, 75-, 116-, and 158-meter levels are included. The 17-meter level 

is excluded for this event and the 4-meter level is included. 

The 21 June low-level jet event was characterized by a poorly defined low-level 

jet feature, which developed near 06 UTC and became organized over the next 4 hours. 

The jet maximum occurred near 300 meters, which placed the instrumented tower 

directly below the jet core. The jet exhibited the characteristics consistent with the 

forcing mechanisms described by Blackadar (1957) and Holton (1967). The tower 

observed wind speeds greater than 10 m s-1 over the depth of the 75 to 158-meter layer 

during the duration of the jet.  This feature persisted past the period of observation. 

Significant turbulence was seen during the transition period and as the jet developed but 

quickly subsided. Small bursts of turbulence occurred as the jet became established but 

were substantially less in magnitude than that observed earlier during the development 

stage.  

 The spectral analysis of the turbulent components revealed a dominant period 

between 5 and 8 minutes at all levels of the tower. The 4- and 10-meter levels exhibited 

secondary peaks at periods less than 5 minutes. This again would correspond to shear 

instabilities. The u’ normalized power spectrum is seen in Figure 5.6. The secondary 

peaks in the spectrum at the lower levels of the tower correspond to smaller scale motions 

with periods less than one minute that were unable to be resolved. The dominant 

wavelength for the 158-meter level, which exhibited a mean wind speed over the period 

of observation of 13.1 m s-1, was approximately 27 meters. This wavelength is similar to 

that calculated in the 2 June 2004 event. This corresponds to small-scale shear 

instabilities as described earlier. The w’ power spectrum is seen in Figure 5.7. Once again 

at the 4- and 10-meter levels a dominant frequency is difficult to distinguish. All levels 

exhibit multiple peaks in the spectrum, as energy from scales of motion, which could not 
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be resolved, are wrapped back into the energy spectrum. Small-scale instabilities were 

generated near the time of the jet maximum as the flow became significantly sheared. 

The 46- to 158- meter layer shear exponent reached a peak near 10 UTC, which 

correlates to the time of the jet maximum. The layer Richardson number fluctuated near 

the critical value of 0.25 during this period.  Though short period wave motions were 

present they did not result in any significant bursts of TKE.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. u’ normalized power spectrum for 21 June 2004 from 01 – 12 UTC. The 
power is normalized by its variance. The frequency is normalized with respect to height 
and the mean horizontal wind speed. 
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Figure 5.6. w’ normalized power spectrum for 21 June 2004 from 01 – 12 UTC. The 
power is normalized by its variance. The frequency is normalized with respect to height 
and the mean flow 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1   Summary 

 The research conducted by Banta et al. (2002), Blumen et al. (2002), Sun et al. 

(2002), Poulos et al. (2002), and Kelley et al. (2004) has shown the value of high-

resolution data from instrumented tower for observing turbulence in the layer beneath 

low-level jet maxima. This work also has shown the ability of instrumented tower data to 

examine the nocturnal boundary layer, specifically the layer occupied by wind energy 

systems. The data collected allowed for the objectives stated in Chapter I to be met. The 

study presented has illustrated the variable nature of low-level jets and the corresponding 

turbulence generated beneath their maxima. Furthermore, this experiment has provided 

additional information regarding the overall structure of low-level jets and the influence 

of forcing mechanisms described by Blackadar (1957), Holton (1967) and Uccellini 

(1980).  

 The data collected for the research presented was for three separate low-level jet 

cases, all occurring in May or June 2004. The low-level jet was identified as any wind 

speed profile that showed a clear maximum below one kilometer above ground level and 

a decrease in wind speed of 1.5 m s-1, above and below the maximum. High-resolution 

data from the Texas Tech 200-meter instrumented tower was collected and analyzed for 

each of the three cases. Data from the West Texas Mesonet boundary layer profiler was 

also collected for each of the three cases (Schroeder et al., 2005). The tower data for each 

event was analyzed using MATLAB scripts and plotting functions. The profiler data was 

analyzed using Excel and MATLAB scripts. The wind records were broken into datasets 

of one- and ten-minute means. Perturbations were also computed from the 30 Hz data and 

averaged over one minute. Temperature data was collected and averaged over one minute 

as well. Values of potential temperature, turbulent kinetic energy, standard deviation, and 

variance were computed from the instrumented tower data for each of the three cases. 
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Spectral analysis was performed on the one-minute mean datasets of u’ and w’.  The 

summary of each low-level jet event is seen in Table 6.1. 

 

Table 6.1 Low-level jet event summary        
 

Jet Event  Event Maximum     Height       Turbine Layer Minimum Ri                 Turbine Layer α  

 

25 May 2004     20.7 m s-1        550 m                  0.13                                      0.15 – 0.8                    

Description: This was a synoptically driven jet. The passage of a thunderstorm outflow 
boundary resulted in significant turbulence for the span of approximately 2.5 hrs. Mixing 
was strong enough to generate local static instabilities within the tower layer, which 
stratified over time as the boundary passed. 
 

2 June 2004     21.2 m s-1      approx. 158 m        0.18                                        0.21 – 0.85 

 
Description: The jet event was characterized by two distinct cores. The initial jet core 
was the strongest with a maximum possibly 200 meters and below. The second jet core 
occurred at a higher altitude and was slightly weaker in magnitude. The decay of the first 
jet core along with the development of the second jet core resulted in enhanced TKE at 
the 116- and 158-meter levels of the instrumented tower. 
 
 
21 June 2004    25.7 m s-1         234 m                 0.11 (Ri below 0.25 for jet lifecycle)      0.32 – 0.81 
 
Description: Strongest of the three jet features, Turbine layer Ri remained below the 
critical value of 0.25 for the entire life of the jet. The initial development was a source for 
enhanced TKE, but during the period of an established jet there was little evidence of 
enhanced turbulence. The shear exponent reached a value of 0.81 occurred as the jet 
developed. 
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The examination of the turbine layer (46-158 meter layer) allowed for the 

comparison of the shear exponent and layer Richardson number to previous studies. 

Kelley et al. (2004), with data collected during the Lamar Low-Level Jet Project, used a 

layer from 52-113 meters to represent the layer occupied by General Electric’s current 

wind turbine systems. The analysis presented in Chapter IV used a similar technique to 

quantify the shear and stability of the turbine layer. 

The specific jet events studied by Kelley et al. (2004) revealed shear exponents 

that ranged from 0.2 to 1.1. This is very similar in magnitude to the results found during 

this study. The shear exponent did not exceed 1.0 in the three cases presented in Chapter 

IV but the range of magnitudes was similar. The highly variable nature of individual jet 

events does not allow for a detailed comparison to be made, although both Kelley et al. 

(2004) and the analysis presented in this study illustrate the poor performance of the IEC 

standard shear exponent during low-level jet events.  

The stability analysis using the bulk Richardson number for the turbine layer also 

revealed similar results. Kelley et al. (2004) presented three events in which the 

Richardson number fell below the critical value of 0.25 during each event but never 

below 0, which would indicate dynamic instability (Howard, 1961). The analysis 

presented in Chapter IV also showed that during each low-level jet event the turbine layer 

Richardson number fell below the critical value at some point during the lifecycle of the 

jet. Banta et al. (2002) has documented low-level jet events during the CASES-99 

project, where the Richardson number has fallen below 0, indicating that the shear 

production of TKE exceeded the effect due to buoyant damping. Banta et al. (2002) 

examined layers on a smaller vertical scale than the turbine layer presented in Chapter IV 

and by Kelley et al. (2004). The possibility exists for layers to become dynamically 

unstable, although with the development of turbulent mixing, layers can quickly become 

statically unstable. The mixing will act to reduce the shear. The development of a layer 

that exhibits a potential temperature profile decreasing with height is seen in the analysis 

presented in Chapter IV. It must be emphasized, that low-level jets vary significantly case 

by case. The bulk Richardson number is also highly dependant on the vertical 
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temperature profile within the layer being examined. Previous studies, as well as the 

analysis presented in Chapter IV have shown that the Richardson number typically will 

fall below the critical value of 0.25 during low-level jet events, although turbulent mixing 

can act either to reduce or strengthen layer stability. 

 

6.2   Results and Conclusions 

 Several conclusions have been made from the results of the three low-level jet 

events described in Chapters IV and V. The summary of the three events is shown in 

Table 6.1. The analysis of the data collected for the three low-level jet events allowed for 

the following statements to be made: 

1. A potential jet maximum was identified at a height between 158 and 289 

meters. Previous climatologically based studies were unable to resolve jet 

features occurring at low heights such as this.  

2. The two jet features, which developed with substantial influence from the 

processes described by Holton (1967) and Blackadar (1957), both showed 

maxima beneath 350 meters. The synoptically forced jet of 25 May 2004 

exhibited a greater vertical depth but with a maximum near 550 meters. 

3. All three cases exhibited maxima greater than 20 m s –1.  

4. The shear exponent for the turbine layer (46-158m) was substantially higher 

than the IEC standard wind profile value of 1/7 for all three cases. This 

indicated that during low-level jet events this standard shear profile is not 

applicable. 

5. Individual low-level events are highly variable in terms of height, maxima, 

turbulent characteristics and lifetime. 

6. The development and decay of low-level jet features is a source of enhanced 

TKE, as seen in the 2 June 2004 and 21 June 2004 events. 

7. The vertical profile of turbulent kinetic energy increased with height for all 

three cases. This illustrated the “upside down” boundary layer structure 

described by Mahrt and Vickers (2002). The convective or daytime boundary 
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layer is characterized by high values of TKE near the surface, and decreasing 

in magnitude with height. The nocturnal boundary layer, during low-level jet 

events, exhibits high values of TKE beneath the jet maximum, decreasing in 

magnitude towards the surface. 

8. Turbulent mixing beneath jet maxima is strong enough to create layers of 

local static instability, however can also act to increase the layer stability as 

well.  

9. Sheared flows do not always produce periodic bursts of turbulence, as seen in 

the 21 June 2004 event. The turbine layer shear exponent reached a magnitude 

near 0.8, a peak magnitude observed in each of the three cases presented in 

this study. The peak occurred during a time period of small TKE, with little 

evidence of enhanced turbulence at all instrumented levels. The shear 

exponent increased steadily as the jet became established. The enhanced TKE 

occurred as the jet developed, with a shear exponent value of 0.43.    

10. The bulk Richardson number from the turbine layer, for the two cases 

producing significant turbulence, was below the critical value of 0.25 

(Howard, 1961) during the period when TKE was at its peak. The turbine 

layer bulk Richardson number, from the 21 June 2004 event, also fell below 

the critical value during the time period of enhanced TKE. The enhanced TKE 

reduced the turbine layer stability.  

11. The passage of a thunderstorm outflow boundary is a source of prolonged 

turbulence and can lead to changes in low-level jet structure. The passage of a 

thunderstorm outflow boundary, during the 25 May 2004 period of 

observation, resulted in the decay of the synoptically driven low-level jet. A 

feature developed which fit the low-level jet criteria described in Chapter I. 

The new jet feature developed at the vertical extent of the outflow boundary at 

approximately 350 meters AGL with a peak horizontal wind speed of 18.6 m 

s-1.   
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12. Substantial conclusions cannot be made from the spectral analysis presented 

in Chapter VI. The transition period from the convective to the nocturnal 

boundary layer was included in the data analyzed. It is unsure if the energy 

from this period is being returned back into the spectrum. The scales of 

motion suggest turbulent motions are responsible for the peak in the energy 

spectrum but this cannot be said with any certainty. 

 

6.3   Recommendations 

 The based upon the analysis presented recommendations can be made regarding 

future research into low-level jet events: 

1. There is a need for more extensive data collection of individual jet events in 

order to evaluate the differences between synoptically forced jets described by 

Uccellini (1980) and those produced by the processes described by Blackadar 

(1957) and Holton (1967). 

2. The value of high resolution instrumented tower data has been shown in 

recent research. There is a need for higher vertical and temporal resolution 

temperature data (specifically the Texas Tech 200-meter instrumented tower) 

to be collected for jet events, in order to evaluate the stability of small-scale 

vertical layers and the effects of turbulent mixing. The effect of moisture 

variability in the nocturnal boundary layer could have effects on layer 

stabilities and should be considered in future research. 

3. Doppler lidar has proven useful in supplementing tower data and providing 

high-resolution data in both the horizontal and vertical scales. The efforts 

involving the observation of low-level jets using instrumented tower and 

Doppler lidar data should be continued. 

4. Current research has shown the IEC standard shear exponent is not applicable 

to the layer beneath low-level jet maxima. The development of a new standard 

is needed in order to evaluate the effects of prolonged intense shear on 
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structures (e.g. wind turbines) occupying the layer beneath low-level jet 

maxima. 

5. The assimilation of high- resolution tower data into Large Eddy Simulations 

(LES) is needed in order to reproduce turbulent conditions associated with 

low-level jets.  

6. The passage of a thunderstorm outflow boundary was shown to produce 

significant TKE over the span of 2.5 hours. Research into the influence of 

density currents on the turbulent structure of the nocturnal boundary layer is 

needed. 
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APPENDIX A 

WEST TEXAS MESONET BOUNDARY LAYER PROFILER 

TEXAS TECH 200-METER INSTRUMENTED TOWER 

                                            INSTRUMENT SPECIFICATIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 137



Table A.1. Instrument specifications for the RM Young Model 81000 Ultrasonic 
Anemometer. 
            
 
Wind Speed 
  
 Range:                             0 to 40 m s-1 (0 to 90 mph) 
 
 Resolution:                      0.01 m s-1

 
 Threshold:                       0.01 m s-1  
 
 Accuracy:                        + 1% rms, + 0.05 m s-1 (for 0 to 30 m s-1) 
                                 + 3% rms (for 30 to 40 m s-1)      
 
Wind Direction 
  
 Azimuth Range:              0.0 to 359.9 degrees 
 
 Elevation Range:             + 60.0 degrees 
 
 Resolution:                      0.1 degree 
 
 Accuracy:                        +  2 o (for 1 to 30 m s-1) 
                              + 5 o (for 30 to 40 m s-1)                          
 
General 
 Air sample column:       10cm high x 10 cm diameter 
 
 Air sample path:             15 cm 
 
 Internal sample rate:       160 Hz 
 
 Output sample rate:         4 to 32 Hz (selectable) 
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Table A.2. Instrument specifications for the RM Young Model 27005 Gill UVW 
Anemometer. 
            
 
Range, Axial Flow:                     0 to 30 m s-1 (0 to 90 mph) 
 
Range (all angles):                      0 to 25 m s-1 (0 to 80 mph) 
 
Threshold:                                   0.3 m s-1

 
Distance constant:                       1.0 m 
 
Pitch:                                            29.4 cm / rev 
 
Diameter:                                     22 cm  
 
Accuracy:                                     + 1% rms, + 0.05 m s-1 (for 0 to 30 m s-1) 
                    + 3% rms (for 30 to 40 m s-1)                             
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Table A.3. Instrument specifications for the RM Young Model 41372 VC/VF Relative 
Humidity / Temperature Probe. 
             
 
Relative Humidity 
  
 Operating temperature:   -10 to 60 C (below –10 C accuracy reduced) 
 
 Measuring range:            0 – 100% 
 
            Accuracy at 20 C:           3% from 10 – 90% RH 
                                                    4% from 0 – 10% and 90 – 100% RH 
 
 Time constant:                 15 s 
 
 Sensor:                              Vaisala Intercap 
 
Temperature 
  
 Calibrated measuring range:  -50 to 50 C 
               -50 to 150 F 
 
 Accuracy at 0 C:                      + 0.3 C (differential measurement) 
 
 Time constant:                         42 s 
 
 Sensor type:                             1000 Σ Platinum RTD 
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A.4. Instrument specifications for the Vaisala LAP 3000 Radar Profiler 
             
 
Operating frequency:                                                                  915 and 1290 MHz 
 
Minimum height1:                                                                        75 – 150 m 
 
Maximum height2:                                                                        2 – 5 km 
 
Range resolution:                                                                          60, 100, 200, 400 m 
 
Wind speed accuracy:                                                                   < 1 m s-1

 
Wind direction accuracy:                                                              < 10 degrees 
 
Averaging time:                                                                            3 – 60 minutes 
 
RF Power output:                                                                          600 W peak 
 
Antenna:                                 Electrically steerable,  micropatched, phased array panels                            
                              
Aperature:                                                                                      2.7m2 (4 panels) 
 
Power requirements:                                                                      110 V / 60 Hz; 15 Amp 
                                                                                                       220 V / 50 Hz; 10 Amp 
              
 

1 Dependant on clutter environment and available radio frequency emission bandwidth 
2 Dependant on atmospheric scattering conditions 
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 APPENDIX B

TEXAS TECH 200-METER INSTRUMENTED TOWER 

DATA CHANNELS 
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Table B.1. Measured quantities for the Texas Tech 200-meter instrumented tower. V1 
and V2 represent the horizontal wind components from the sonic anemometer. V3 is the  
vertical component. 
             

1 3T Concentration 41150T V1 
2 3T RH 42150T V2 
3 3T Temp 43150T V3 
4 3T V1 44245T Concentration 
5 3T V2 45245T RH 
6 3T V3 46245T Temp 
7 8T Concentration 47245T V1 
8 8T RH 48245T V2 
9 8T Temp 49245T V3 

10 8T V1 50382T Concentration 
11 8T V2 51382T RH 
12 8T V3 52382T Temp 
13 13T BP 53382T U 
14 13T Concentration 54382T V 
15 13T RH 55382T V1 
16 13T Temp 56382T V2 
17 13T U 57382T V3 
18 13T V 58382T W 
19 13T V1 59519T Concentration 
20 13T V2 60519T RH 
21 13T V3 61519T Temp 
22 13T W 62519T U 
23 33T Concentration 63519T V 
24 33T RH 64519T V1 
25 33T Temp 65519T V2 
26 33T U 66519T V3 
27 33T V 67519T W 
28 33T V1 68003 ft -- Sonic Wind Speed 
29 33T W 69003 ft -- Sonic Wind Direction 
30 33T V2 70003 ft -- Sonic Along Wind 
31 33T V3 71003 ft -- Sonic Cross Wind 
32 55T Concentration 72008 ft -- Sonic Wind Speed 
33 55T RH 73008 ft -- Sonic Wind Direction 
34 55T Temp 74008 ft -- Sonic Along Wind 
35 55T V1 75008 ft -- Sonic Cross Wind 
36 55T V2 76013 ft -- UVW Wind Speed 
37 55T V3 77013 ft -- UVW Wind Direction 
38 150T Concentration 78013 ft -- UVW Along Wind 
39 150T RH 79013 ft -- UVW Cross Wind 
40 150T Temp 80013 ft -- Sonic Wind Speed 
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Table B.1 Continued           

81 013 ft -- Sonic Wind Direction
82 013 ft -- Sonic Along Wind 
83 013 ft -- Sonic Cross Wind 
84 033 ft -- UVW Wind Speed 
85 033 ft -- UVW Wind Direction 
86 033 ft -- UVW Along Wind 
87 033 ft -- UVW Cross Wind 
88 033 ft -- Sonic Wind Speed 
89 033 ft -- Sonic Wind Direction
90 033 ft -- Sonic Along Wind 
91 033 ft -- Sonic Cross Wind 
92 055 ft -- Sonic Wind Speed 
93 055 ft -- Sonic Wind Direction
94 055 ft -- Sonic Along Wind 
95 055 ft -- Sonic Cross Wind 
96 150 ft -- Sonic Wind Speed 
97 150 ft -- Sonic Wind Direction
98 150 ft -- Sonic Along Wind 
99 150 ft -- Sonic Cross Wind 

100 245 ft -- Sonic Wind Speed 
101 245 ft -- Sonic Wind Direction
102 245 ft -- Sonic Along Wind 
103 245 ft -- Sonic Cross Wind 
104 382 ft -- UVW Wind Speed 
105 382 ft -- UVW Wind Direction 
106 382 ft -- UVW Along Wind 
107 382 ft -- UVW Cross Wind 
108 382 ft -- Sonic Wind Speed 
109 382 ft -- Sonic Wind Direction
110 382 ft -- Sonic Along Wind 
111 382 ft -- Sonic Cross Wind 
112 519 ft -- UVW Wind Speed 
113 519 ft -- UVW Wind Direction 
114 519 ft -- UVW Along Wind 
115 519 ft -- UVW Cross Wind 
116 519 ft -- Sonic Wind Speed 
117 519 ft -- Sonic Wind Direction
118 519 ft -- Sonic Along Wind 
119 519 ft -- Sonic Cross Wind 

 

             

 

 144



 

 

 

 

 

 

 

 

                                                               

 

 

 APPENDIX C

                               ERONEOUS 17-METER SONIC ANEMOMETER 

                                                TIME HISTORY 25 MAY 2004 
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Figure C.1. Erroneous 17-meter sonic anemometer u component time history for 25 May 
2004 from 00 – 14 UTC. 
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