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Abstract: The eddy dissipation rate (EDR, or turbulence dissipation rate) is a crucial parameter in the
study of the atmospheric boundary layer(ABL). However, existing Doppler lidar-based estimates of
EDR seldom offer long-term comparisons that span the entire ABL. Building upon prior research
utilizing Doppler lidar wind field data, we optimized the EDR retrieval algorithm using a genetic
adaptive approach. The newly developed algorithm demonstrates enhanced accuracy in EDR
estimation. The daily evolution of EDR reveals a distinct diurnal pattern in its variation. A detailed
four consecutive days study on turbulence generated by Low-Level Jets (LL]J) indicated that EDR
driven by heat flux (~10-2 m?/s%) is significantly stronger than that produced by wind shear (~10-3
m?/s%). Subsequently, we examined seasonal variations in EDR at different mixing layer heights
(MLH, Zi): elevated EDR values in summer (~7 x 10 m?/s® at 0.1Zi) contrasted with reduced levels
in winter (~6 x 10-4 m?/s® at 0.1Zi). In the early morning, EDR decreases with height for 1 magnitude,
while in later stages, it remains relatively stable within 0.1 order of magnitude across 0.1Zi to 0.9Zi.
Notably, the EDR during DJF exceeds that of MAM and SON in the afternoon. This suggests that ML
turbulence is not solely dependent on surface fluxes (SHF + LHF) but may also be influenced by MLH.
Alower MLH (smaller volume), even with reduced surface fluxes, could potentially result in stronger
EDR. Finally, we compared the evolution of EDR and MLH in the boundary layer using Doppler
lidar data from ARM sites and the PBL Moving Active Profiling System (PBLMAPS) Airborne
Doppler Lidar (ADL). The results show that when the ADL is positioned near ARM Southern Great
Plains (SGP) sites C1 or E37, the vertical wind data exhibit strong consistency (R = 0.96). The ADL's
mobility and flexibility provide significant advantages for future field experiments, particularly in
challenging environments such as mountainous or complex terrains. This study not only highlights
the potential of utilizing Doppler lidar alone for EDR calculations but also extensively explores the
development patterns of EDR within the ABL.

Keywords: Turbulence dissipation rate (EDR); Doppler lidar; wind speed; Turbulence; Genetic
Algorithm; Mixing Boundary layer; low-level jets (LL]); PBL Moving Active Profiling System
(PBLMAPS); Airborne Doppler Lidar (ADL)

1. Introduction

The study of turbulence has significant implications across various fields, including astronomy
[1], aviation safety [2], optical communication technology [3], laser weaponry [4], wind field retrieval
[5], air pollution [6], and oceanography [7]. In astronomy, atmospheric turbulence causes star images
observed through telescopes to jitter and flicker, diminishing the quality of observations. Increasing
the telescope aperture in ground-based observations does not yield the desired results due to this
turbulence. Researchers mitigate these effects by selecting observation sites at high altitudes or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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locations like Dome in Antarctica, where the atmospheric boundary layer (ABL) is thinner [1].
Similarly, in Free-Space Optical (FSO) communications and laser ranging, atmospheric turbulence-
induced refractive index fluctuations affect the coherence of laser beams, leading to optical angle-of-
arrival fluctuations, laser beam wander, and scintillation [3]. These phenomena introduce
uncertainties and reduce the detection efficiency of these systems, making the study and mitigation
of turbulence effects crucial for improving the reliability and performance of optical communication
and ranging technologies [3].

Turbulence within the ABL plays a crucial role in transferring heat, momentum, and moisture
between the surface and the free atmosphere [8]. This exchange caused by turbulence in the ABL is
essential for the accuracy of global and regional atmospheric models [9]. Precise forecasts of ABL
are critical for numerous socioeconomic activities, such as pollutant dispersion, air quality
forecasting, and the prediction and management of forest fires [10]. TKE production in the ABL
primarily occurs at larger scales, typically on the order of the boundary layer height [11]. These large
eddies break down into progressively smaller eddies through a process known as the "turbulence
energy cascade” in the inertial subrange [12]. Eventually, the scales become sufficiently small for
molecular diffusion to dissipate the kinetic energy as heat in the viscous subrange. Current modeling
approaches assume that turbulence generation within a grid cell (local production) is
counterbalanced by the dissipation of turbulence kinetic energy in the same cell (local dissipation).
This local equilibrium assumption is suitable for stationary and homogeneous flow conditions [13],
making it applicable at coarser scales [14]. However, at finer resolutions, the basic premises of
turbulence closures are violated [15]. Thus, at high horizontal resolutions, the local equilibrium
assumption between turbulence generation and dissipation no longer holds: turbulence generated in
one grid cell can be transported downwind before it dissipates.

Improved turbulence parameterizations are essential to enhance the accuracy of model results
at fine horizontal scales. Yang et al. [16] demonstrated that, in testing the sensitivity of turbine height
wind speed to various parameters in the Mellor-Yamada—-Nakanishi-Niino (MYNN) planetary
boundary layer scheme [17] and the MMS5 surface-layer scheme [18] of the Weather Research and
Forecasting model [19] in a region with complex terrain, approximately half of the wind speed
variance was attributable to the accuracy of the turbulence dissipation rate (or eddy dissipation rate,
EDR) parameterization. The EDR also influences the development of several boundary layer
processes, including cyclone formation and dissipation [20], the creation of frontal structures [21] and
airflow in urban environments and other canopies [22,23]. Thus, accurately representing EDR is vital
for improving numerical weather prediction quality. To enhance turbulence parameterizations, it is
necessary to study the spatiotemporal variability of EDR in the boundary layer in detail, as well as
its dependence on atmospheric stability, terrain features, and turbulence characteristics [24].

Recent advancements in technology have significantly refined the methods for calculating EDR.
Traditionally, direct measurements using sonic anemometers and hot-wire anemometry were
employed, utilizing the inertial subrange energy spectrum and second-order structure function
approaches [25,26]. Pefia et al. [26] conducted a study on one-year-long turbulence measurements
and modeling using large-eddy simulation domains in the Weather Research and Forecasting model,
making numerous comparisons and experimental improvements. However, the meteorological mast
was only 250 meters high, limiting its ability to capture boundary layer conditions above 250 meters,
which restricted both the comparison with the model and the potential for model improvements.
Moreover, these methods are limited by their spatial coverage or/and the necessity for high-frequency
data acquisition systems.

The advent of remote sensing technologies, particularly Doppler Lidar and radar wind profilers
[27], has greatly enhanced the capability to study EDR. It provides three-dimensional wind data over
larger spatial scales and extended time periods, enabling comprehensive turbulence studies. The
methodologies to derive EDR include the Doppler spectra width [28], line-of-sight velocity spectrum
[27], longitudinal structure function [29], and azimuthal structure function [30]. Furthermore,
Doppler Lidar's ability to provide detailed turbulence measurements at various altitudes and its
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deployment flexibility in complex terrains make it a superior tool for turbulence research compared
to traditional in-situ instruments [31,32].

EDR estimation must be conducted within the inertial subrange, and due to lidar signal-to-noise
ratio (SNR) limitations beyond the ABL, it is necessary to analyze EDR in conjunction with mixing
boundary layer height (MLH). The effectiveness of Doppler lidar depends on atmospheric
backscatter intensity. While typical atmospheric conditions provide sufficient backscatter strength,
lidar measurements become unreliable under low aerosol concentrations within the ABL (or outside
the ABL), as well as during rain or fog [27]. Additionally, in many cases, the atmosphere fails to meet
the inertial subrange conditions, leading to larger EDR estimation errors. These challenges emphasize
the need for accurate MLH determination to properly define the scope of EDR estimates. Rajput et al.
[33] used 1290 MHz radar wind profiler data to calculate MLH and EDR over a central Himalayan
site from November 2011 to March 2012, providing monthly mean diurnal variations of turbulence
parameters with height. While existing studies report the spatiotemporal distribution of EDR
[27,30,34,35], most are limited to short-term field experiments and lack long-term (annual)
observations of EDR distribution across the entire ABL. The Atmospheric Radiation Measurement
(ARM) Southern Great Plains (SGP) site offers a valuable opportunity for multi-year Doppler lidar
data [36,37]., enabling extended research on EDR variability.

Based on the research above, this paper compares optimized the EDR retrieval algorithm based
on the Fast Fourier Transfer (FFT) method. The second section presents the Doppler lidar
observational datasets, detailing the retrieval algorithm for MLH and describing the computational
methodology for EDR estimation. Section three focuses on further introducing an optimized
algorithmic approach utilizing genetic algorithm-based frequency range selection. The fourth section
presents a comprehensive analysis of four consecutive days of EDR measurements, including a
detailed case study of Low-Level Jet (LL]) phenomena. Furthermore, we systematically investigate
the vertical EDR profiles across different seasons, focusing on their evolution through various stages
of ABL development. Section five performs a comparative analysis of mobile Doppler lidar
measurements from SOMAS (School of Marine and Atmospheric Sciences, Stony Brook University)
against stationary lidar measurements obtained from the ARM C1 and E37 sites. The final section
presents the conclusion and discussion.

2. Data and Methods

The ARM SGP site is equipped with an extensive array of meteorological observation
instruments, making it a valuable resource for atmospheric research. Among its various facilities, the
Cl1 site is particularly notable for its comprehensive suite of instruments. In this study, we primarily
utilize Doppler Lidar data and radiosonde data.

2.1. Data and Mixing Layer Height

At the ARM SGP C1 site, the Doppler lidar delivers high-resolution three-dimensional wind
field data, which is vital for calculating turbulence dissipation rates and understanding the vertical
structure of the atmosphere. Complementing this, radiosondes provide essential vertical profiles of
temperature, humidity, and pressure [36,37]. The specific parameters and configurations of the
instruments used in this study are detailed in Table 1. It should be noted that the SGP Doppler lidar
has a vertical wind, resolution of 1-3s, but a horizontal wind speed resolution of 3-6 mins.

The PBL (Planetary Boundary Layer )Moving Active Profiling System (PBLMAPS) at Stony
Brook University utilizes a low-roof, four-wheel-drive Ford Transit cargo van as its mobile platform.
A single-beam Airborne Doppler Lidar (ADL) is mounted on the van's roof near the optical window
to provide collocated vertical velocity measurements. Space is reserved for future installation of
additional ADL beams to enable horizontal wind measurements. Data collection was conducted from
September 28 to October 2, 2023. In this study, data collected using PBLMAPS positioned near the
E37 site on September 30, 2023, and the C1 site on September 28, 2023, were analyzed(relative
positions in Figure 1).
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Figure 1. PBLMAPS parked at the ARM SGP C1 (left), and E37 (right) sites.

The parameters of the Doppler lidars from both the ARM and PBLMAPS systems are detailed
in Table 1. The ADL is designed to accommodate a wide range of platform and atmospheric
conditions, providing greater flexibility. To support aircraft speeds of 50-160 m/s and ground-relative
atmospheric wind speeds of +80 m/s, the data system requires a bandwidth of 30-300 MHz and a
sampling rate of 1 G/s. The range gates are adjustable from 18 to 90 meters, with the option for
selectable gate overlaps. Please note that ADL currently lacks horizontal wind field measurements.
Therefore, the EDR calculations for the ADL were performed using horizontal wind speed data
provided by nearby C1 or E37 sites. Since PBLMAPS has reserved space for horizontal wind field
measurements, it will be able to get horizontal wind in later 2025. Additionally, to verify the accuracy
of the Doppler lidar measurements, wind field data from the radiosonde at the C1 site was utilized,
as detailed in Table 1.

Table 1. Doppler lidar and Sonde main parameters and datasets of ARM SGP C1 site.

Parameters SGP PBLMAPS
Lidar Model Stream Line Pro ADL
Nyquist velocity (B) +19.4 m/s +80 m/s
Points per range gate (M) 10 10
Range gate resolution 30 m 18 to 90 m
frequency 15k 10k
Vertical wind sgpdlfptCl bl vertical wind, resolution 1-3s
sgpdlfptE37.b1
Horizontal Wind sgpdlprofwind4newsCl1.cl /
Radiosonde sgppblhtsondelmcfarlC1.s1 /

This study uses the method of Chu et al. [38] to determine MLH from Doppler Lidar data. The
algorithm first utilizes wavelet analysis to identify whether the day is dominated by large-scale
turbulence eddies. Subsequently, wavelet analysis is applied across all heights to construct a 2-D
vertical velocity variance by selecting the power spectrum within a specific frequency range that
corresponds to the dominant eddy size. Finally, dynamic thresholds are employed to reconstruct the
2-D variance profile, thereby determining the MLH. This algorithm effectively addresses challenges
related to varying sizes of turbulent eddies and gravity waves in velocity variance calculations, as
well as the limitations of fixed variance threshold methods.

2.2. Calculation Eddy Dissipation Rate from Doppler Lidar

In boundary-layer meteorology, the quantification of turbulence from measured data is often
based on the assumption of homogeneity and local isotropy in the small scales of turbulence, which
has been found to be valid in high Reynolds number flows [12]. Under these assumptions, the energy
cascade of eddies from larger to smaller scales in the inertial subrange of turbulence can be described
by a model [27,33] for the energy spectral density S(k):

S(k) = ae?/3k5/3 (1)
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where a = %AE , and the B is the bandwidth, equivalent to twice the Nyquist velocity, and Av is

the signal spectral width (1.5 m/s). We can get these parameters from Table 1. L1 is the shortest time
interval multiplied by the horizontal wind speed, and Lx is the selected time multiplied by the wind
speed. In this study, we selected 4 minutes (240 seconds). Assuming a horizontal wind speed of 5
m/s, L1 is 5 meters and Lx is 1200 meters. This method assumes that both length scales L1 and L lie
within the inertial subrange. Consequently, the selection of the sample size N must be meticulously
considered to ensure that only turbulence contributions within the inertial subrange are included in
the calculations.

Using the equations provided above, we can calculate the EDR as described data in Section 2.1.
By applying FFT to the wind field data, we can estimate the EDR using Equation 1. Additionally,
with the vertical and horizontal wind field data from the Doppler lidar, we can estimate the EDR
using Equation 4. To verify the accuracy of the EDR estimation, we can calculate the Lidar error using
Equation 5 and determine the fraction error according to the method proposed by Bodini et al. [39].
For more details on error analysis, please refer to the relevant literature [33-35,39].

2.3. Calculation Eddy Dissipation Rate from Radiosonde

At the ARM SGP C1 site, four radiosondes are emitted each day. The ascent rate of the
radiosondes used in this study was roughly 5m/s. They had a temporal resolution of 1 s
corresponding to a 5m height resolution (roughly, not strictly accurate). The commonly used
method to calculate turbulent dissipation rate from radiosonde data involves converting pressure
and temperature information into potential temperature, which is a complex process. Additionally,
rearranging potential temperature in ascending order to derive the turbulent dissipation rate is
cumbersome and prone to errors [40]. To address these drawbacks and reduce computational
complexity, this paper employs a method like that described in Section 2.2, as outlined in Equation
1. EDRis calculated using radiosonde data collected around noon, specifically at 11:30 (UTC-6). This
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approach estimates the EDR over approximately 160 seconds within the ABL, covering altitudes from
200m to 800m.

3. Estimate EDR using Doppler Lidar

Using the data and algorithms outlined in Section 2, we first compare the results derived from
Doppler lidar and radiosonde measurements. Next, we conduct comparisons inside and outside the
boundary layer. Subsequently, we propose a novel EDR retrieval algorithm that utilizes a genetic
algorithm to optimize the selection of frequency ranges.

3.1. Comparison of FFT Between Lidar and Sonde

To ensure the comparability of wind field data between radiosonde and Doppler lidar, this study
selects radiosonde wind field data between 0.2 km and 1 km. We selected vertical wind field data
from Doppler lidar at 0.285 km, 0.495 km, and 0.705 km between 11:00 and 12:00 (UTC-6). FFT was
performed on these data, and the results are shown in Figure 2. The FFT spectra for Doppler lidar at
altitudes of 0.285 km, 0.495 km, and 0.705 km are very similar. Due to the radiosonde's limited
observation time of less than 100 seconds, the minimum frequency is greater than 102Hz. this study
uses Equation 1 (0.01hz to 0.1 Hz) from Section 2.2 to fit the FFTs at the three altitudes, the EDR at
0.285 km, 0.495 km, and 0.705 km are 0.51 m?/s?, 0.42 m?/s3, and 0.70 m?/s?, respectively. The EDR
from the radiosonde (200m to 800m) is ~1.1 m?/s3. The results indicate that the EDR derived from
radiosonde measurements and Doppler lidar at various heights falls within the same order of
magnitude, though it also reflects the heterogeneity of turbulence. While the EDR averaged across
three heights from lidar data and the EDR obtained from radiosonde measurements differ by less
than one order of magnitude, the relative error can reach up to 50%.

FFT at 0.285 km
FFT at 0.495 km
10°14 =—— FFT at 0.705 km
= FFT from SONDE
== = -5/3 Slope

Power Spectral Density (a.u.)

1073 1072 107!
Frequency (Hz) at 20180517 11:30 (UTC-6)

Figure 2. Comparison of FFT between Lidar and Sonde; The blue, orange, and green lines in the figure depict
the FFT of Doppler Lidar at altitudes of 0.285 km, 0.495 km, and 0.705 km, respectively, from 11:00 to 12:00. The

red line represents the FFT spectrum of the radiosonde at 11:30, covering altitudes from 200 m to 1000 m.

The next step will involve further comparison with meteorological tower data. However, this
work has not yet been carried out due to the unavailability of meteorological tower data from the
ARM SGP C1 site. Nevertheless, numerous studies have already compared meteorological tower data
with Doppler lidar-derived EDR calculations, demonstrating that these methods are sufficient for
estimating EDR and observing relative changes in the boundary layer [30,31,34,35]. Therefore, this
does not affect the general applicability of the results presented in this paper.
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3.2. Comparison of Eddy Dissipation Rates Inside and Outside the Boundary Layer

To compare the relative accuracy of EDR, we selected data for half an hour before and after 9:00
AM and 2:00 PM (UTC-6) at three different altitudes: 0.195 km, 0.5855 km, and 1.425 km. At 2:00 PM,
all three altitudes were within the boundary layer. At 9:00 AM, 0.195 km was within the boundary
layer, 1.425 km was outside the boundary layer, and 0.586 km transitioned from outside the boundary
layer to within the boundary layer. The FFT spectra at 9:00 AM are shown in Figure 2a, and the FFT
spectra at 2:00 PM are shown in Figure 2b. Figure 2c presents the vertical wind field data, where the
red lines represent data at the three different altitudes around 9:00 AM, and the black lines represent
data at the three different altitudes around 2:00 PM. By comparing Figure 2a, we observe that at the
height of 1.425 km, the FFT power spectrum does not exhibit a -5/3 slope from 0.01Hz to 0.1 Hz,
indicating the absence of turbulence at this altitude around 9:00 AM. However, at 0.195 km and 0.5855
km, both show a -5/3 slope from 0.01Hz to 0.1 Hz, indicating the presence of turbulence at these
altitudes around 14:00. The turbulence intensity at 0.195 km is greater than at 0.586 km. By comparing
Figure 2b, we find that the turbulence intensities at all three altitudes are nearly identical, with the
0.586 km (yellow) being slightly stronger.

To verify the accuracy of the above FFT results and to provide a more intuitive representation
of turbulence characteristics, this paper uses Equation 1 from Section 2.2 to fit the FFTs at the three
altitudes for both time periods. The turbulent dissipation rates were then derived from the fitting
results. At 9:00 AM, the estimated EDR (¢) are as follows: 1.37 x10' m?/s® at 0.195 km, 3.6x10- m?/s?
at 0.586 km, and 3.7x109m?/s? at 1.425 km. At 14:00, the estimated EDR (¢) are: 3.7x102m?/s? at 0.195
km, 6.8x102m?/s® at 0.5855 km, and 6.5x10* m?/s® at 1.425 km. The turbulence intensity mentioned
above is consistent with the FFT results shown in Figures 3a and 3b.

10° \ : —- (b)

10
10°
10?
10!

10°

Power Spectral Density (a.u.)
-
5

107* —— Height 0.195 km 10-1] = Height 0.195 km
4 Height 0.5855 km | Height 0.5855 km
107 Height 1.425 km 10-2| = Height 1.425 km
1073 1072 1071 1073 1072 107!
Frequency (Hz) at 20180517 09:00(UTC-6) Frequency (Hz) at 20180517 14:00(UTC-6)

2.5 — — - - 1.5

1.0
2.0
—_ ©
K_D' 0.5 [
<15 el
£ S
X 0.0 2
= >
S1.0 B
QL o
T 053
0.5
-1.0
0-95 2 a 6 8 10 18 20 22 24 =13

20180517 Tlme (UTC 6)

Figure 3. FFT comparison at different times and altitudes on 20180517: (a) FFT around 9:00 AM at three different
altitudes: 0.195 km, 0.586 km, and 1.425 km; (b) FFT around 2:00 PM at three different altitudes: 0.195 km, 0.586
km, and 1.425 km; (c) Vertical wind field data on 20180517 (red represents the three different altitudes around
09:00 in (a), black represents the three different altitudes around 14:00 in (b)).
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Figure 3 shows a significant difference in EDR inside and outside the boundary layer. The data
indicates that at the bottom of the boundary layer (0.195 km), the EDR (¢) at 9:00 AM (1.37 10! m?/s?)
is stronger than at 2:00 PM (3.7 102m?/s®). However, at 0.586 km, the EDR at 2:00 PM (6.8x102m?/s®)
is slightly stronger than at 9:00 AM (3.6 x10-* m?/s%). At 1.425 km, the EDR at 14:00 (6.5x102m?/s) is
significantly stronger than at 9:00 (3.6 x10%/s?). Additionally, it is observed that at 9:00 AM, turbulence
develops gradually from the bottom upward. In contrast, at 2:00 PM, the turbulence intensities at the
three different altitudes are similar and of the same order of magnitude. The EDR results calculated
using Equation 4 from Section 2.2 are consistent with those obtained from the FFT method. For
instance, within a +30-minute window around 14:00, the EDR computed using Equation 4 (with
variance calculated over 2 minutes) yields a median value of approximately 1 x102 m?/s® at a height
of 585 m, which is higher than the value of 5x10*m?/s® observed around 09:00.

However, it is important to note that, the layer at 1.425 km is located higher than MLH at 09:00.
The turbulence in free atmosphere is derived from larger scales than that in mixing layer (ML),
making it difficult to locate the inertial subrange for the FFT in the desired same frequency range in
ML . Equation 4 is derived from Equation 1 and therefore exhibits similar issue. Therefore, the EDR
above the MLH will be excluded in this study. To address this, it is crucial to know the height of the
ABL top, or MLH, to accurately identify these conditions.

3.3. Using the Improved Method to Obtain EDR

When turbulence driven by flux is superimposed on large-scale ABL movements, the algorithm
described in Section 2.2 becomes inapplicable, even within the ABL. As shown in Figure 3b, the FFT
of the vertical wind at various heights within the boundary layer adheres to a -5/3 slope. However,
Figure 5 reveals that between 12:00 and 13:00 (UTC-6) at an altitude of 915 meters, the FFT of the
vertical wind field no longer conforms to this -5/3 slope from 0.1 Hz to 0.01 Hz. Directly applying the
default FFT method to fit data from 0.1 Hz to 0.01 Hz would physically be inaccurate. To address this
challenge, we propose a novel algorithm that builds upon denoising techniques and incorporates an
adaptive approach based on genetic algorithms to identify the frequency range that aligns with the
expected slope.

The core idea of the algorithm is to adaptively find the frequency range that satisfies the -5/3
slope, followed by fitting to obtain the EDR. We leverage the advantages of the Welch FFT method,
particularly its reduced spectral leakage characteristics. The Welch FFT employs window functions
to effectively mitigate spectral leakage, thereby ensuring a more concentrated spectral power
distribution at the signal's actual frequency components. The methodological workflow, as illustrated
in Figure 4, comprises the following detailed steps:

1. Select Data: Choose 30 minutes of vertical wind field data at a specific altitude.

2. FFT Processing: Perform a FFT using the Welch FFT method with a window size of 50.

3. Denoising: Denoise the spectrum by averaging the 10 highest frequency points. This step is
critical as noise near the 0.1 Hz end could otherwise skew the results, especially in scenarios
where low-frequency signals are obscured by background noise.

4. Adaptive Fitting: Finally, employ an adaptive fitting approach using genetic algorithms to
pinpoint the frequency range that yields the minimal fitting error. This method allows for
dynamic adjustment to identify the most suitable frequency range for the -5/3 slope, enhancing
the robustness and accuracy of the EDR calculation. Genetic algorithms are optimization
techniques inspired by natural selection processes, utilizing operations such as selection,
crossover, and mutation to evolve solutions to complex problems [41,42]. This paper employs
genetic algorithms to identify the optimal frequency range that minimizes the mean absolute
error (MAE) of the -5/3 slope in the FFT frequency spectrum.

5. Repeat the Process: Repeat these steps for all heights and time intervals to ensure
comprehensive data analysis.

The improved algorithm can effectively address the limitations of the algorithm described in
Section 2.2. As shown in Figure 5, the FFT Power Spectral Density (PSD) at approximately 13:00 on

d0i:10.20944/preprints202503.0743.v1
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July 2, 2018, at a height of 915 meters (within ABL) is presented. In the figure, the green line represents
the original FFT PSD, the blue line shows the original Welch PSD, the magenta line indicates the
denoised Welch PSD, and the red line marks the frequency range identified by the adaptive
algorithm. When using the standard FFT (green line in Figure 5) to calculate the EDR based on
Equation (1) within the fixed frequency range of 0.01-0.1 Hz, the resulting EDR is 6.72x104m?/s>.
When using the Welch FFT (blue line in Figure 5) within the same fixed frequency range, the
calculated EDR is 7.53 x10* m?/s®. However, when applying the Welch FFT combined with the
adaptive algorithm to determine the frequency range (red line in Figure 5), the resulting EDR is 1.05
x10% m?/s®. From Figure 5, it is evident that only the frequency range marked in red satisfies the
conditions of the inertial subrange (with a slope of -5/3). The differences in EDR values further
corroborate this observation. This demonstrates that the adaptive algorithm significantly improves
the accuracy of EDR calculations by identifying the appropriate frequency range that aligns with the
inertial subrange characteristics.

30min
Doppler data

Welch FFT

Denoise
(background noise)

Adaptive fitting with
genetic algorithms

All heights
and
moments?

Save data

Figure 4. The improved algorithm for estimating EDR.

Although the adaptive fitting method utilizing a genetic algorithm can provide the most
accurate results, it demands substantial computational resources. When computational resources are
limited, the fixed Welch method (fixed 0.01Hz to 0.1Hz) can serve as a viable alternative. In cases
where horizontal wind speed data is available and computational resources are constrained, the
results from Section 2.2 may also be considered as an alternative option.

Power Spectrum with Best Fit Segment

Optimized EDR: 8.89e-04 m?/s?
Normal EDR: 6.72e-04 m?¥/s?
10! ixeqd Welch EDR: 6.53e-04 m?/s*
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Figure 5. The FFT power spectrum and the improved EDR Algorithm Results.
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4. Statistical Analysis of EDR Results

4.1. Daily Evolution of Eddy Dissipation Rate with MLH

To compare the effectiveness of the methods between Equation 4 and the FFT fitting approach,
this paper calculates the EDR for the entire day of May 17, 2018, using Equation 4. The MLH
calculated using the method from Section 2.1 is also utilized, represented by the blue or red points in
Figure 6.

From Figure 6 (where EDR is calculated using Equation 4), it can be seen that the EDR within
the ML is of the same order of magnitude and similar to the results obtained in Section 3.1 (using
Equation 1). The average EDR values between 11:00 and 12:00 at the heights of 0.285 km, 0.495 km,
and 0.705 km were found to be 0.0563 m?/s3, 0.0317m?/s%, and 0.0321 m?/s?, respectively. These values
are of the same order of magnitude and exhibit a similar relative trend as the values (0.04-0.07 m?/s?)
presented in Section 3.1. Given that all the heights are within the boundary layer (below MLH), the
average EDR values are also of the same order of magnitude as those observed at 14:00. This result
suggests that the EDR calculation based on Equation 4 is reliable and suitable for estimating relative
EDR magnitudes within the boundary layer, particularly under conditions with limited
computational resources and moderate precision requirements.

Figure 6 highlights intriguing phenomena within the convective boundary layer (CBL). While
the EDR within the CBL exhibits overall variation, it fluctuates consistently within the range of 10-3
to 101 m?/s®. At night, the EDR in the PBL can be exceptionally low, with values at 500 meters
dropping below 10-¢ m?/s3. Note that EDR obtained from the variance of vertical velocity data in this
test is not physically meaningful, as turbulence is nearly absent in this case.
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Figure 6. Schematic of the diurnal evolution of the boundary layer based on EDR (from equation 4 in section 2.1)

and boundary layer height inversion on 20180517, with red dots indicating the boundary layer height (MLH).

(a) Doppler lidar error, (b) vertical wind variance after wavelet analysis, (c) turbulent dissipation rate, (d) relative

error, (e) vertical wind field from Doppler lidar. .
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Nighttime EDR generally remains below 104 m?/s% however, between 05:00 and 06:00, EDR at
altitudes of 0.5-1.2 km increases to approximately 10 m?/s3, suggesting notable turbulence during
this period. This is supported by the low fractional error in this region, as shown in Figure 6d.
However, the fractional error associated with the increased EDR near the PBL top is relatively high,
making it less reliable than this area. Figure 6e shows that the gravity wave is connected to the surface
at the bottom and to the capping inversion at the top. A closer examination of Figure 6c reveals that
while the top of this EDR structure connects to the capping inversion, the bottom does not connect to
the surface. Additionally, the near-surface EDR between 02:00 and 04:00 is significantly lower than
that near the surface between 20:00 and 24:00. The strengthening of EDR at this time may be due to
meteorological factors such as clouds or residual layers, which warrant further study. These
phenomena suggest that although there is no flux-driven turbulence at night, other mechanisms such
as low-level jets (LL]Js), gravity waves, or wind shear may generate turbulence.

From the above, we can see that the EDR and MLH reveal many interesting phenomena.
However, this observation is based on a single day. To further summarize and generalize the
boundary layer evolution, we need to compare the boundary layer evolution over multiple days.

4.2. EDR Evolution in the Presence of Lower Lever Jet

LLJs are narrow bands of strong winds occurring within the lower part of the atmosphere,
typically between 100 and 1000 meters above the ground [8]. These jets are often formed due to the
interaction between diurnal thermal variations and topographical features, leading to significant
wind speed maxima during the night. LLJs play a crucial role in various meteorological phenomena,
including the transport of moisture and pollutants, as well as the initiation and sustenance of
convection. EDR is a critical factor in understanding and predicting the behavior of LLJs. High EDR
values indicate intense turbulent mixing, which can disrupt the coherence of the jet and influence its
strength and persistence. Conversely, lower EDR values suggest more stable conditions that allow
the jet to maintain its structure [34]. Accurate estimation of EDR, therefore, is essential for modeling
the dynamics of LL]Js, particularly in predicting wind energy potential, pollutant dispersion, and
weather forecasting.

EDR can enhance the detailed description of the LL] process. As shown in Figure 7, we selected
four consecutive days, with the nights of April 16-17, 2023, lacking an LL], and the subsequent nights
of April 17-18, 2023, featuring an LLJ. Since turbulence at this point is driven not only by flux but also
by wind shear (LL]J), we employ the optimized algorithm from Section 3.4 to estimate the EDR for
improved accuracy. Figure 7a presents the vertical wind field data, Figure 7b shows the variance of
the vertical wind field, Figure 7c displays the EDR, Figure 7d illustrates the horizontal wind speed,
and Figure 7e depicts the horizontal wind direction. The circles in the figures represent the MLHs.

The EDR driven by heat flux during the day is significantly greater than the EDR driven by wind
shear (LLJ). Figure 7 shows the transition from nights without a LL] to consecutive nights with the
presence of an LL]. From Figure 7c, we can observe that during the first night (April 16-17), there was
no turbulence or LL]J, while during the second night, both turbulence and the LL] were weak (EDR:
~ 5x107% m?/s%). On the third night, both turbulence and the LL]J strengthened (EDR: ~ 102 m?/s%). A
similar pattern is observed in the vertical variance in Figure 7b. Additionally, the EDR driven by heat
flux during the day (~10-2 m?/s®) is significantly greater than the EDR driven by wind shear (LLJ) at
night (~10 m?2/s%). The variation in EDR driven by the LL] at night is relatively small, while the EDR
driven by heat flux during the day shows much larger fluctuations. For instance, the daytime
variation on April 16 is about 3-4 orders of magnitude (EDR between 10 and 10-! m?/s®), whereas
the nighttime variation from April 16 to 17 is around 1 order of magnitude (EDR between 10~ and
1072 m?/s3).

Due to the influence of the LLJ, not only does the LL]J develop at night, but it also significantly
impacts boundary layer development during the day. In the morning, when the boundary layer
begins to rise, turbulence is easily generated by windshear, which in turn influences the boundary
layer's development. For example, around 09:00 (UTC-6) on April 17, we can clearly see a noticeable
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jump in the MLH, which is mirrored by a similar jump in EDR (Figure 7c) at the same time (around
800m). Observing Figure 7d, we notice that at this moment, the horizontal wind speed near the
surface is less than 10 m/s, but the ABL top (MLH) corresponds to a wind speed close to 20 m/s,
indicative of a typical LL] structure. At this point, the MLH jumps directly from near the surface to
around 800 meters. Additionally, between 10:00 and 11:00 on April 18, 2023, clear gravity waves are
observed, including both updrafts and downdrafts. After the gravity waves, the ABL continues to
develop slowly. On the morning of April 19, between 10:00 and 11:00, a distinct updraft is visible,
primarily originating from the top of the ABL. Due to the persistent updraft, the MLH rapidly
develops from 1.0 km to 1.5 km. The development of the ABL on April 16 follows a typical pattern,
but on April 19, due to the influence of the LLJ, the LL] not only develops at night but also has a
significant impact on the ABL development during the day.
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Figure 7. EDR (from improved FFT method in section 3.3) case analysis of LL] (lower lever jet) from 20230416 to
20230419 at ARM SGP C1 site. The subplots from top to bottom are as follows: (a) Vertical wind field; (b)
Vertical wind field variance; (c) EDR; (d) Horizontal wind speed; (e) Horizontal wind direction.

Although three nights feature LLJs, their generation and evolution have distinct characteristics,
with the EDR on the third night being significantly stronger than on the second night. On the night
of April 16-17, the EDR initially decreases to 10~ m?/s® after sunset, and the height drops to the
ground. On the night of April 17-18, the EDR gradually decreases to 10~ to 103 m?/s? after 18:00, with
this value sustained between the surface and 800 meters. After 01:00, the EDR increases to 10~ m?/s?,
with this value maintained between 0 and 500 meters. The EDR during the night of April 18 to 19
(~102 m?/s%) is stronger than the LL]J from the night of April 17 to 18 (~10-2 m?/s?).

4.3. Variation of EDR with Altitude in Different Seasons at Different Boundary Layer Development Stages

To investigate whether EDR exhibits a distinct seasonal cycle, we analyzed median EDR values
at six different heights (0.1Zi, 0.2Zi, 0.3Zi, 0.4Zi, 0.7Zi, and 0.9Zi) from 2016 to 2023 at the ARM SGP
C1 site. To assess the variation across the four quarters, we further looked for median EDRs by season.
Additionally, to compare EDR behavior during different phases of boundary layer development, we
examined its evolution from sunrise to sunset at four representative stage fractions (0.1, 0.3, 0.5, and
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0.7), as shown in Figure 8a—d. The EDR at this section is derived from the genetic algorithm-based
optimization algorithm presented in Section 3.3.

From Figure 8, it is evident that the median EDR variations with height differ across different
boundary layer development stages. At the early stage after sunrise (Figure 8a), the median EDR
exhibits a consistent decrease with height across all four seasons. At the near-surface level (0.1Zi),
DJF (~3 x 10* m?/s®) is significantly lower than MAM (~1.2 x 10 m?/s®) and JJA (~1.5 x 10 m?/s®).
Between 0.1Zi and 0.3Zi, the median EDR remains nearly constant, but from 0.5Zi onward, it
decreases sharply. The most pronounced drop occurs in summer, where the median EDR declines by
one orders of magnitude, from ~1.5 x 10 m?/s® at 0.1Zi to ~1.1 x 10* m?/s® at 0.9Zi. This pattern
suggests that during the initial stage of boundary layer development, turbulence-driven ML
gradually extends upward, while turbulent mixing within the ML remains inhomogeneous,
exhibiting a weakening trend from the surface upward.

After the median EDR is fully developed within the ABL, the EDR inside the ABL remains
relatively consistent. Further comparisons (Figures 8b—d) reveal that after a period of boundary layer
development, the median EDR remains nearly constant between 0.1Zi and 0.9Zi, with fluctuations
within approximately 0.1 order of magnitude. For instance, after sunrise at 0.3Zi (Figure 8b), the
median EDR stabilizes at ~2 x 10-® m?/s? in autumn (SON) and winter (DJF), while it remains around
~3 x 10 m?%/s? in spring (MAM) and around ~5 x 10 m?/s® in summer (JJA). In Figure 8¢, the largest
seasonal difference occurs in JJA, where the median EDR varies from ~4 x 103 m?/s? at 0.1Zi to ~7 x
1073 m?/s® at 0.9Zi, representing a difference of 0.3 orders of magnitude. Compared to the one-order
magnitude difference observed in Figure 8a, this indicates a more uniform median EDR distribution
at later stages of boundary layer development (Figures 8b—d), which is consistent with turbulence-
driven boundary layer growth theory.

The development of the median EDR exhibits distinct characteristics across different seasons. As
shown in Figure 8c, summer (JJA) exhibits significantly higher median EDR values (~6.8 x 10~ m?/s®)
compared to other seasons. This result is consistent with the findings of Bodini et al. [35], although
their analysis was limited to fixed altitudes and did not include comparisons across different heights.
Additionally, at the 0.7 stage after sunrise, the median EDR begins to decrease across all four seasons,
indicating that the median EDR weakens in the later afternoon. Notably, DJF initially exhibits the
lowest median EDR values (~3.8 x 10 m?/s® in Figures 8a), but subsequently shows a gradual
increase. At the 0.3 stage (Figure 8b), DJF EDR almost catches up with SON (~2 x 10-® m?/s®), and by
the 0.5 stage (Figure 8c), DJF surpasses SON (~1.7 x 103 m?/s® vs. ~1.1 x 103 m?/s?, respectively). At
the 0.7 stage (Figure 8d), DJF EDR further exceeds MAM (~1.5 x 102 m?/s%). This trend suggests that
EDR within the ML in DJF continues to develop, despite lower temperatures, and does not remain
weaker than in spring or autumn. This phenomenon may be attributed to the lower MLH during DJF,
where a comparable level of heat flux is concentrated within a reduced vertical extent, thereby
enhancing EDR generation. Even with diminished surface fluxes, a lower MLH (smaller volume) can
contribute to stronger EDR. Furthermore, the observed pattern remains consistent across different
EDR algorithms, as demonstrated by the similar results from both Formula 4 and the enhanced
algorithm detailed in Section 3.3. Due to space constraints, EDR results from Formula 4 are not
presented in the manuscript.
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Figure 8. Seasonal variation of median EDR with altitude at different ABL Development Stages: From sunrise to
sunset at four representative height fractions (0.1Zi, 0.3Zi, 0.5Zi, and 0.7Zi), as shown in Figures 7a—d (Zi is MLH;
MAM: March-May, JJA: June-August, SON: September—-November, DJF: December-February).

The above analysis provides insights into EDR behavior across different stages of ABL
development, revealing several meaningful phenomena. However, it is also important to
acknowledge the limitations of this study. For instance, data near the boundary layer top (~Zi) is
excluded due to the significant deterioration of the Doppler lidar signal-to-noise ratio (SNR) at these
altitudes, which affects measurement reliability. Additionally, as the ABL rapidly dissipates near
sunset, further investigation is required to examine this stage in greater detail to improve our
understanding of turbulence evolution during this transition period.

5. Comparison of EDR Between Airborne Doppler Lidar and ARM SGP Doppler
Lidar

5.1. Comparison of Vertical Wind Fields Between ADL and SGP Sites

To further leverage the advantages of Doppler Lidar-derived EDR in analyzing ABL
development, we compared the data obtained by our research group's mobile compact airborne
Doppler Lidar (ADL) with that from the ARM site’s Doppler Lidar at C1 (2023-09-30) and E37 (2023-
09-28). The results are shown in Figure 9. The three panels of Figure 9a-c display the vertical wind
field data obtained on 2023-09-28 from the ARM site’s C1 (top), E37 (bottom), and ADL (middle),
with the ADL deployed ~1 meter away from the C1 site. We observed that the vertical wind field data
from the ADL and C1 were nearly identical, while there was a significant difference with the E37 site.
The three panels of Figure 9d-f show the vertical wind field data obtained on 2023-09-30 from the
ARM site’s C1 (top), E37 (bottom), and ADL (middle), with the ADL deployed ~2 meters away from
the E37 site. Similarly, we found that the ADL data was nearly identical to that from the E37 site, but
there was a significant difference with CI1.

To further validate the consistency between the ADL and SGP site vertical wind field data, we
compared the data from the C1 site and ADL on September 28th. To minimize errors due to clock
differences, the vertical wind field data were averaged every 30 seconds at different heights (30m
intervals) within the boundary layer (using the MLH calculated in Section 2). After grouping the ADL
and C1 site data according to the above method and comparing them, the results showed a high
correlation: a correlation coefficient (R) of 0.964. Note that during this time, the ADL was deployed
next to the C1 site. The same comparison was then performed between the E37 site and ADL on
September 30th, resulting in an R value of 0.968, with the ADL deployed next to the E37 site. These
results indicate a high level of consistency between the two datasets, demonstrating that the ADL can
accurately capture vertical wind field results consistent with those of the C1 and E37 sites.

However, when comparing the ADL data with that of the C1 or E37 sites without co-location,
using the same method on the same day, the R value was less than 0.1, demonstrating the spatial and
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temporal differences between the C1 and E37 sites (a direct comparison between the ARM sites C1
and E37 also yielded similar results). This shows significant spatial variability between different ARM
sites
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Figure 9. Comparison of Vertical Velocity Between SGP Sites and ADL. ADL at C1 on 20230928: the three
subfigures are vertical velocity from (a)SGP C1 Doppler lidar, (b) ADL (near C1 site) and (c) SGP E37 Doppler
lidar. ADL at E37 on 20230930: the three subfigures are vertical velocity from (a)SGP C1 Doppler lidar, (b) ADL
(near E37 site) and (c) SGP E37 Doppler lidar. The Red dots are MLH.

5.2. Comparison of EDR Between ADL and SGP Sites

After validating the consistency of the vertical wind field data between the ADL and SGP sites.
To leverage the high temporal resolution of the Doppler lidar, we employ Equation 4 from Section
2.2 to retrieve the EDR in this section. Since the ADL was not in scanning mode and did not capture
horizontal wind field data, the horizontal wind speed was entirely sourced from the ARM site. Figure
10a-c shows the comparison of EDR results obtained by the SGP sites C1, E37, and the ADL when
deployed at the C1 site. Figure 10d-f shows the comparison of EDR results when the ADL was
deployed at the E37 site.

From Figure 10a-c, we can see that the EDR from the ADL is nearly identical to that from C1.
Figure 10a displays the EDR calculated from the vertical and horizontal wind field data obtained by
the Doppler lidar at the C1 site; Figure 10b shows the EDR calculated using the vertical wind field
data obtained by the ADL and the horizontal wind field data from the SGP C1 site; Figure 10c shows
the EDR calculated from the vertical and horizontal wind field data obtained by the Doppler lidar at
the E37 site. Note that the solid red circles indicate the MLH obtained using the method described in
Section 2. We observe that there is good consistency between Figures 10a and 10b during the
overlapping time periods, while the consistency between Figures 10b and 10c during the overlapping
time periods is lower. Additionally, the EDR from the ADL and SGP C1 is stronger than that from
E37 (the yellow area in C1 is larger than that in E37).

Although the ADL data on September 28, 2023, showed nearly complete consistency with the
Cl1 site, significant differences in EDR were observed between the C1 and E37 sites during the same
period. For instance, at the C1 site in Figure 10a, around 18:30, the EDR decreased from 2 km to 400
m, remaining around 10~ m?/s® between the ground and 400 m. But, at the E37 site (Figure 10c), the
EDR also decreased from 2 km to the surface around 18:00 but dropped to approximately 10> m?/sq.
This substantiates the spatial heterogeneity of the boundary layer between the C1 and E37 sites.
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Figure 10. Comparison of EDR (from equation 4) between SGP Sites. (a-c) ADL at C1 on 20230928: the three
subfigures are EDR from (a)SGP C1 Doppler lidar, (b) ADL (near C1 site) and (c) SGP E37 Doppler lidar. (d-f)
ADL at E370n 20230930: EDR from (d)SGP C1 Doppler lidar, (e) ADL (near E37 site) and (f) SGP E37 Doppler
lidar. The Red dots are MLH,.

The ADL data from September 30, 2023, closely matched the data from the E37 site, while during
the same period, there were significant differences in the EDR between the C1 and E37 sites. This
aligns with expectations, highlighting spatial variability due to the locations of the two sites. At the
C1 site around 13:40, the EDR within the altitude range of 200 to 1000 meters was approximately 10-2
m?/s3 (Figure 10d). In contrast, at the E37 site, the EDR within the same altitude range was consistently
below 102 m?/s® (Figure 10e and f). The ADL deployed near the E37 site showed almost identical
results to those from the ARM E37 site, with EDR values consistently below 102 m?/s® in the same
area. By 16:30, in the region from 200 meters to 1.5 kilometers above the C1 site, most EDR values
were greater than 102 m?/s® ( Figure 10d). However, at the E37 site, the EDR in the corresponding
region remained below 102 m?/s® (Figure 10e and 10f). Again, the ADL data near the E37 site
corroborated the ARM E37 data, maintaining EDR values below 102 m?/s® in that region.

Based on the above analysis, we can conclude that when the ADL is deployed near the C1 or E37
sites, it not only shows consistency in vertical wind field data with the ARM C1 or E37 sites, but it
also provides consistent EDR results. The mobility and flexibility of the ADL offer significant
advantages for future field experiments, enabling it to be deployed in various locations to gather
high-quality atmospheric data, which enhances the capability to conduct detailed studies across
different environments.

5. Conclusions and Discussion

Building on previous studies of EDR estimation, this study utilizes only Doppler lidar wind field
data to calculate the EDR. The wind field data from the Doppler lidar and radiosonde at the AGP C1
site were compared, demonstrating strong agreement. It is noteworthy that Equation 4 (or Equation
1) in this study assumes that the FFT analysis is conducted within the inertial subrange from 0.01Hz
to 0.1 Hz, where the -5/3 slope relationship holds. However, in numerous scenarios, particularly
when turbulence driven by flux coincides with large-scale atmospheric motions, the -5/3 slope might
not be applicable across the entire frequency range from 0.01 to 0.1 Hz. To address this, we proposed
a genetic algorithm based FFT method for EDR estimation. However, this approach is
computationally intensive. Notably, near the top of the ABL, there is a significant increase in EDR,
which correlates with an increase in lidar SNR and larger measurement errors from the lidar. The
daily evolution of EDR reveals a distinct diurnal pattern in its variation. Furthermore, the study
examines four consecutive days with and without LL]Js, revealing that LL]Js enhance the initial ML
development, with an observed jump reaching up to 800 m. Additionally, observations indicate that
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surface flux-driven EDR ~10-2 m?/s?) is stronger than wind shear-driven EDR (~10-% m?/s?). Further
analysis suggests that LL]s enhance gravity wave generation.

This study examined EDR'’s seasonal and diurnal changes with height and ABL stage. The
results show that the median EDR exhibits distinct seasonal differences, with higher values in
summer (~4 x 10~ m?/s® at 0.1Zi) and lower values in winter (~3.8 x 10~ m?/s® at 0.1Zi). In the early
morning, the median EDR decreases with height (~1 magnitude), while at later stages, it stabilizes
within 0.1 order of magnitude across 0.1Zi-0.9Zi. Notably, during the DJF period, the median EDR
initially reaches its minimum but subsequently demonstrates a gradual increase, ultimately
exceeding the values observed in SON and MAM during later stages. A lower MLH (smaller volume),
even with reduced surface fluxes, may contribute to stronger EDR. Moreover, this phenomenon is
independent of the EDR algorithm utilized, as demonstrated by our comparative analysis between
the algorithm outlined in Section 3.4 and the one derived from Equation 4, both of which produce
consistent results. However, data near the boundary layer top (~Zi) were excluded due to Doppler
lidar signal limitations, and the EDR during sunset requires further investigation to enhance our
understanding of boundary layer evolution.

Finally, this study presented EDR at the ARM SGP C1 and E37 sites and SOMAS's compact
airborne Doppler Lidar (ADL). The results showed significant differences in EDR and vertical wind
field data between the ARM C1 and E37 sites. However, when the ADL was deployed near the C1 or
E37 sites, the vertical wind field between the ADL and the two sites exhibited high consistency (with
R approximately 0.96). The EDR results from the ADL and ARM sites (C1 or E37) exhibited a strong
level of consistency. The ADL's mobility and flexibility provide significant advantages for future field
experiments, particularly in challenging environments such as mountainous or complex terrains. Its
ability to be easily relocated and adapt to various conditions enhances the potential for
comprehensive atmospheric studies in diverse settings, making it a valuable tool for expanding
research capabilities beyond traditional, fixed-site measurements.

This study significantly expands the potential of using Doppler lidar wind field data to estimate
EDR through the comparison of MLH and EDR. However, several limitations remain. The
optimization algorithm proposed in Section 3.4 requires substantial computational resources, making
it unsuitable for real-time retrieval. The approach utilizing Equation 4 requires both vertical and
horizontal wind field data, resulting in a more costly observational requirement. Additionally, the
variance calculation and FFT method face challenges in isolating large-scale atmospheric motions,
which are not explicitly removed. Furthermore, scanning techniques are constrained by temporal
resolution, posing challenges for real-time observations. Multi-channel Doppler lidar systems may
help mitigate this limitation [43]. Moreover, detection limitations exist at the top of the ABL, where
the SNR of ground-based lidar is relatively low, thereby reducing the reliability of EDR estimation.
Future research could explore airborne or drone-based observations to better capture ABL
characteristics near the ML top.

Further research should involve retrieving wind profile data from Doppler lidar at multiple
ARM SGP sites to compare the similarities and differences in EDR across various locations. This
should be followed by a detailed analysis that incorporates site-specific variables such as sensible
heat flux (SHF), latent heat flux (LHF), soil moisture, vegetation, and lower tropospheric stability
(LTS) to assess their influence on MLH and EDR. Moreover, integrating Planetary Boundary Layer
(PBL) schemes [44] could facilitate the investigation of the mechanisms underlying turbulence
dissipation rate variations within models, as well as their impact on boundary layer development,
thereby offering valuable insights for future enhancements.
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