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Abstract

The convective boundary layer (CBL) strongly influences moist convection
and pollutant dispersion, yet objective diagnosis of its vertical structure from
radiosondes remains challenging. Although Haar wavelet transforms have been
employed to analyze CBL structure, most studies emphasize identifying a single
boundary-layer top, typically inferred from a one-variable profile. We extend
the application of the Haar discrete wavelet transform (DWT) to simultaneously
analyze vertical profiles of potential temperature () and water vapor mixing
ratio (7). Rather than focusing solely on CBL height, the method decomposes
profiles into multiscale means and deviations to diagnose multiple structural
features, including surface-layer height, entrainment zone depth and intensity,
and boundary-layer height. By leveraging wavelet localization and explicitly
quantifying 6-r covariance across scales, the framework captures coupled ther-
modynamic transitions and reveals structural decoupling that may obscure
layer boundaries in traditional gradient-based approaches. Applications to
high-resolution radio sounding data from the International H,O Project and
the ARM Southern Great Plains Central Facility demonstrate that the method
reliably captures canonical CBL structures, while objectively identifying atyp-
ical profiles characterized by diffuse gradients or 6-r decoupling. Sensitivity
experiments on vertical resolution further reveal how coarse operational sound-
ings smooth critical transitions and introduce systematic biases in diagnosed
layer depths. Overall, this enhanced Haar wavelet framework advances CBL
analysis from single-height detection toward comprehensive, scale-dependent
structural diagnosis applicable to both research-grade and operational
datasets.
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1 | INTRODUCTION

The Atmospheric Boundary Layer (ABL) is the lowest
part of the troposphere directly influenced by the Earth’s
surface. Following sunrise, surface heating drives the
growth of the ABL into a convective boundary layer (CBL)
through buoyancy-driven thermals. The structure of the
CBL plays a critical role in numerous atmospheric pro-
cesses, including pollutant dispersion and the initiation
of moist convection. Within the CBL, the surface layer
(SL) and entrainment zone (EZ) are governed by funda-
mentally different processes, ranging from near-surface
turbulent exchange to boundary-layer growth and the ini-
tiation of moist convection. Understanding the structure
and properties of these layers is therefore essential for
accurately representing CBL dynamics and its coupling to
larger-scale atmospheric phenomena. Consequently, accu-
rate estimation of the SL and EZ structures is essential
for both environmental applications and meteorological
studies (e.g., Kaimal & Finnigan, 1994; Stull, 1988).

Radio soundings provide routine vertical profiles of
potential temperature (), water vapor mixing ratio (r),
and wind, and they have long been used to diagnose
boundary-layer structure. A variety of algorithms have
been developed, including gradient methods based on 6
or r (e.g.,, Li, Liu, et al, 2021; Li, Zhang, et al., 2021;
Seidel et al., 2010), parcel methods that track the lifting
of near-surface air parcels (e.g., Holzworth, 1964; Seidel
et al., 2010), and bulk Richardson number criteria (e.g.,
Lee & Pal, 2021; Richardson, 1920; Richardson et al., 2013;
Vogelezang & Holtslag, 1996). While these approaches are
useful, their performance depends strongly on stability
regime, vertical resolution, and the presence of multi-
layer structures, often leading to substantial uncertainty
in diagnosed boundary-layer depths. Integrated methods
that combine thermodynamic variables with cloud indica-
tors have also been explored (Wang et al., 2014); however,
challenges remain in consistently identifying EZ and SL
heights from radiosonde profiles.

Beyond estimating a single boundary-layer height,
resolving the detailed vertical structure of the CBL, par-
ticularly the SL and EZ, remains scientifically important
yet observationally challenging. EZ is typically associated
with enhanced thermodynamic gradients and variability
near the CBL top, reflecting active entrainment processes
that control boundary-layer growth and free-tropospheric
coupling. In contrast, the SL is confined to the lowest
several meters of the atmosphere, often within approxi-
mately 10m of the surface, where standard radiosonde
measurements provide limited vertical resolution and may
be affected by sensor equilibration and launch-related
adjustments. Consequently, although the CBL top can
often be diagnosed with reasonable consistency, robust

identification of SL height and quantitative characteri-
zation of EZ depth and intensity remain difficult using
conventional radiosonde-based techniques.

Beyond traditional gradient-based criteria, recent stud-
ies have highlighted the sensitivity of diagnosed ABL
heights to the detection methodology employed, particu-
larly in complex tropical, coastal, and heterogeneous envi-
ronments (Kakkanattu et al., 2023a; Li, Liu, et al., 2021;
Li, Zhang, et al., 2021; Mehta et al., 2017). Intercompari-
son studies demonstrate that different algorithms applied
to the same sounding can yield substantially different
boundary-layer heights, especially under multilayered or
weakly stratified conditions (Seidel et al., 2010; Wang
& Wang, 2014). In this context, automated techniques
such as the wavelet covariance transform (WCT) have
been increasingly adopted to improve objectivity and
reproducibility (Baars et al, 2008; Brooks, 2003; Davis
et al., 2000). In parallel, classification-based approaches,
including fuzzy-logic framework, have been explored
to account for ambiguous or diffuse structural transi-
tion (Kakkanattu et al, 2023b). These studies collec-
tively indicate that multilayer structures, residual layers,
and gradual thermodynamic transitions can complicate
boundary-layer identification, underscoring the impor-
tance of detection methods that are objective, robust to
noise, and explicitly scale-aware.

The WCT has emerged as a particularly power-
ful tool for detecting step changes in vertical profiles.
Unlike the maximum-gradient method, which identifies
the boundary-layer top solely at the sharpest 6 increase
(Sullivan et al., 1998), the WCT provides a scale-dependent
framework that enhances localized transitions while pre-
serving the structural information (e.g., Davis et al., 2000).
By operating across multiple scales, the WCT is less sen-
sitive to noise and spurious fluctuations, making it more
robust than single-gradient methods. Its objective formu-
lation ensures reproducibility and makes it suitable for
automated detection in large datasets.

Wavelet methods have been widely applied in
remote sensing of the boundary layer. For example,
Brooks (2003) used them with lidar backscatter for auto-
mated mixed-layer height detection, and Baars et al. (2008)
demonstrated their utility for long-term ceilometer
monitoring. Cohn and Angevine (2000) characterized
mixed-layer and entrainment-zone thickness using lidar
and wind profiler data, while Schmid and Niyogi (2012)
introduced a radiosonde-based approach inspired by
higher-order moments. Conventional radiosonde-based
methods have also been systematically evaluated (Li, Liu,
et al., 2021; Li, Zhang, et al., 2021), highlighting both
their strength and limitations. Collectively, these studies
demonstrate the promise of wavelet-based techniques,
yet applications to radiosonde thermodynamic profiles
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remain limited. In particular, no framework has system-
atically exploited multiscale #-r covariance to identify
both SL and EZ structure. This gap motivates the develop-
ment of a robust wavelet-based methodology tailored for
radiosonde applications.

Building on this foundation, the present study intro-
duces a Haar wavelet covariance approach to objectively
characterize CBL structure from radiosonde measure-
ments. The method exploits the localization property of a
wavelet to detect sharp gradients in # and r and to quan-
tify their covariance, providing a consistent framework for
identifying the SL, mixed layer (ML), and EZ. In particular,
the EZ depth and intensity remain difficult to capture with
conventional techniques. We evaluate the method using
high-resolution radiosonde profiles from the International
H, 0 Project (IHOP_2002; Weckwerth et al., 2004; LeMone
et al., 2007) and the Atmospheric Radiation Measurement
(ARM) Southern Great Plains (SGP) Central Facility (Berg
& Lamb, 2016) and further assess its sensitivity to vertical
resolution to test applicability to operational soundings.
The objectives of this paper are threefold: (1) to intro-
duce the Haar wavelet covariance approach for radiosonde
profiles, (2) to evaluate its performance in detecting the
SL, ML, and EZ, and (3) to assess its applicability and
limitations across a range of CBL conditions.

2 | WAVELET-BASED APPROACH

2.1 | Haar discrete wavelet transform

To extract the key parameters that characterize the CBL
structure, we apply the Haar discrete wavelet transform
(DWT) to vertical profiles of 6 and r. The Haar DWT
decomposes a vertical profile f (where f denotes either
0 or r) into localized, scale-dependent components using
an orthogonal set of wavelet basis functions. Because the
Haar wavelet employs a step-function basis, it is particu-
larly effective in detecting sharp transition in a signal (e.g.,
Garcia-Franco et al., 2021; Vickers & Mahrt, 2003). This
property makes the Haar DWT well suited for quantify-
ing CBL structure, as vertical profiles of 6 and r typically
exhibit sharp gradients at layer interfaces, such as the
surface-mixed layer, mixed layer-entrainment zone, and
entrainment zone-free atmosphere.

The Haar scaling function ¢; «(z,) is defined in terms
of the scale parameter j and the shift parameter k as

Pixzn) = 2% @(220 — k), @)
where
k k+1
i 1’ a7 SZ < 7
oVzm-k)=9q ¥ " " @)
0 otherwise.
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Here, the normalized coordinate z, = n/N denotes the
position of the input signal at index n within the unit inter-
val [0, 1], where N is the total number of data points. Since
@, x(zn) represents the largest-scale trend of the profile, it
is applied only at the coarsest scale (j = 0), where it spans
the entire domain with a constant value of unity.

The Haar wavelet function w;(z,) is similarly
defined as

Wik(zn) = 217 y (272, — k), 3)
where
2k 2k+1
1» F = 4n < 21%5
v(Pz—k) =1-1, 22 <z, < 4D, @)

0, otherwise.

By scaling with the dyadic factor 2/ and translating by
k/2’, the wavelet function y;(z,) represents localized
fluctuations (detail components) of the signal at resolution
level j.

Figure 1 illustrates the Haar scaling and wavelet func-
tions across different scales j and shifts k. The scale param-
eter j determines the resolution of y;(z,), with j=0,
1,---, M —1, where N=2M represent the total number of
data points in the profile. In this study, the radiosonde
profiles were first interpolated onto a uniform vertical
grid with about 5-m spacing from the surface to 5km
and then resampled to N = 1024 points (M = 10) to satisfy
the dyadic-length requirement of the Haar DWT. At the
coarsest scale (j=0), the function spans the entire pro-
file, capturing only the broadest trend. As j increases, the
support of the function is halved at each step, providing
progressively finer localization. For each scale j, the shift
parameter k ranges from 0 to 2/ — 1, specifying the position
of the function within the domain.

The Haar DWT decomposes a vertical profile into one
approximation coefficient, W,(j, k), and a set of detail
coefficients, W,,(j, k), with 2/segments at each scale j.
The approximation coefficient W,(j,k) represents the
largest-scale trend of the profile and is computed only
at the coarsest scale. In contrast, the detail coefficients
W, (j, k) capture localized variations between adjacent
subsegments and are computed recursively up to the cho-
sen decomposition level M. This multiscale representation
enables characterization of vertical variability as a function
of height.

The original profile f(z) can be reconstructed by apply-
ing the inverse Haar DWT, which progressively combines
the approximation and detail coefficients:

j=M-1k=2/ -1

1 .
f@= e W, (0,0)0,0(2,) + ,Zo g W, G, bwix@) | (5)
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FIGURE 1
and Haar wavelet functions y; x(z,) for (b) j =0,k =0,(c) j =1,
k=0,(d)j=1k=1

(a) Haar scaling function @; x(z,) for j = 0, k = 0;

where N is the total number of data points. In this for-
mulation, the first term represents the approximation
component, denoted cA}M), and the second term represents

the detail components, denoted cD(m), where m=M —j
specifies the scale. When m =M, the term corresponds
to the entire data window, whereas smaller values of m
represent progressively finer scales.

Figure 2a illustrates the decomposition of the ver-
tical @ profile into the approximation coefficient cA(gM)
(with M =10) and the set of detail coefficients cD;m) for
m=M, M—1, ---, 1. The scaling function @o(z,) is
constant across the domain and therefore mathematically
equivalent to computing the arithmetic mean. Figure 2b
shows the stepwise reconstruction of the vertical 6 pro-
file, in which cA(gM) and cD;m) are progressively combined
across scales. The rightmost panel of Figure 2b displays the
fully reconstructed signal, demonstrating complete recov-
ery of the original profile.

2.2 | Multiscale segment means
and deviations

Using the Haar DWT, segment means can be consistently
represented across multiple scales (Figure 2b). At the
coarsest scale M (segment length 2M), the profile reduces
to a single constant mean, expressed as the approximation
component:

(f) = A", (6)

At a finer scale m (segment length 2™), the segment mean
is obtained recursively by adding the corresponding detail
at scale m, which accounts for the increment from resolu-
tion m+1 to m:

=(m)  —(m+1)

=f '+ CD}'"). (7)

The coarser-scale mean on the right-hand side can itself be
expressed as the global mean plus the accumulated details
from all scales finer than M down to m + 1:

M
f(m+l) = () + 2 CDj(cj). ®)

Jj=m+1

In particular, at the coarsest scale (m=M), the mean
reduces to —on
Fo=+”. ©)

Atscale m, the localized deviation of the profile relative
to the coarser mean is given by

m
—(m+1) ,
fr=f-f =YY, 1<m<M-1. (10)
j=1

Accordingly, the total perturbation relative to the global
mean is recovered at the coarsest scale:

P =f=(f)=f—cAl" = Z D™ (1)

As the scale index j increases (and thus m decreases),
the deviations f’™ isolate progressively finer-scale struc-
tures. This multiresolution property of the Haar DWT
is analogous to applying a sequence of high-pass filters
with increasingly higher cutoff frequencies. At larger m,
the deviations capture broad, coarser-scale fluctuations of
the profile, while at smaller m, they emphasize fine-scale
variability. In the limiting case of m=1 (j=M —1), f'®
retains only the finest-scale variations, whereas at m =M,
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(a) Haar discrete wavelet transform (DWT, black lines) of the vertical profile of potential temperature (0; gray line in the

leftmost panel), consisting of 2! (=1024) data points. The numbers above each panel indicate the number of data points per segment at each

scale. At each scale, either the approximation coefficient CASO) or the detail coefficients cD(em) (m=10,9, ...,

1) are shown. (b) Reconstruction

of the profile obtained by progressively combining cAélO)with the corresponding detail coefficients chJ"). AGL, above ground level

'™ represents the complete perturbation relative to the
global mean.

2.3 | Multiscale 6-r covariances for CBL
structure identification

Figure 3a conceptually illustrates vertical profiles of @
and r within the EZ of a typical CBL, along with their
perturbations, ¢’ and r’ defined relative to the correspond-
ing segment means of 6 and 7. Within the EZ, 6 increases
with height while r decreases, i.e.,

00/dz > 0,0r/dz < 0. (12)

Above the level where the segment mean intersects each
profile, 6 is predominantly positive while ' is predom-
inantly negative, yielding 6’r' < 0. Below this level, 6’
becomes predominantly negative while r becomes posi-
tive, so their product also remains negative. Consequently,
0'r' < 0 throughout the EZ segment. A covariance signal
of the same sign may also occur in the free atmosphere

(FA); however, its magnitude is typically much weaker.
This weakening reflects two factors: the vertical gradi-
ents of # and r are more gradual in the FA than across
the EZ, and the relative absence of active turbulent mix-
ing above the CBL prevents these background gradients
from being converted into significant fluctuations. As a
result, covariance magnitudes in the FA are generally
negligible.

Figure 3b shows an analogous depiction of the SL,
where 0 and r both decrease with height, i.e.,

00/0z <0,0r/dz <0 (13)

In this case, above the level where the segment
mean intersects each profile, ¢’ and ' are both predom-
inantly negative, yielding 6’r' > 0. Below this level, ¢’
and r' become predominantly positive, and their prod-
uct therefore also remains positive. Consequently, 6/r' > 0
throughout the SL segment. In the mixed layer, 6 and r are
generally well mixed and thus nearly uniform with height,
so that 6’r' remains close to zero.
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() FIGURE 3  Perturbation
¥4 / z products (') of potential temperature
: (0) and water vapor mixing ratio (r) for
" 78>0 0'r <0 (a) the entrainment zone (EZ) and (b)
EZ 0 <0 0'r <0 -~ 8'1'<0 the surface layer (SL) of a canonical
' CBL. Solid black lines show the vertical
9. ] profiles of # and r, while dotted lines
Ez indicate their mean profiles 6 and 7.
(b) : / ,
z z Perturbations #’ and 1’ are deflned as
. deviations from these means, 0 and 7.
! Their products illustrate negative
0 < ON! 0'r' >0 lations in th d positi
sL ) —. .01 >0 correlations in the EZ and positive
1\ >0 0'r' >0 correlations in the SL [Colour figure can
H ] be viewed at wileyonlinelibrary.com]|
O

As defined in Equation (10), the Haar DWT-derived
deviations of the vertical profiles, 8™ (z) and r'"™(z), are
used to compute their product 8™ (z) at each segment
length of 2™ data points. Figure 4 shows example ver-
tical profiles of 6™, ™™ and their product 8’r'™ in
the vicinity of the EZ. From scale m = M — 1 = 9 down-
ward, perturbation patterns consistent with the typical
EZ structure (cf. Figure 3) emerge: 8™ < 0 below the
level where the segment mean intersects the profile and
'™ > 0 above, whereas ™ > 0 below and ™ <0
above, resulting in 6™ < 0 throughout the EZ. At the
finest scale (m=1), the product 6’ remains negative
across EZ, with its maximum absolute magnitude at the
CBL top, thereby defining both the EZ and the CBL
height.

2.4 | Algorithms for determining key
CBL parameters

‘We now describe the algorithms used to determine four
key parameters: the bottom of the EZ (hy), the top of the EZ
(hy), the CBL height (z;), and the top of the SL (zs.). The
identification of hy, h,, z;, and zgp, is based on the covari-
ance structure between 6 and r derived from the Haar
DWT analysis of the vertical profiles.

During method development, we verified that the
covariance structure was broadly consistent with the
expected slope conditions of 6 and r described in
Equations (12) and (13). These slope conditions are
presented only to illustrate the conceptual relationship
between the vertical structures of § and r and the sign of
their covariance within the EZ and SL.

The identification of the EZ bottom, hy, proceeds in
a two-step sequence to ensure physical robustness. First,
an initial candidate level is defined as the lowest level at
the finest scale (m =1) for which the scale-1 covariance

between 6 and r becomes negative:
Cr=0rP@ <0 14

where C(z) denotes the scale-1 covariance profile obtained
from the Haar-DWT analysis (example shown in Figure 4).
This primary condition identifies the potential onset of the
anti-correlated thermodynamic-moisture structure char-
acteristic of the entrainment zone.

To ensure that the detected covariance signal cor-
responds to a physically consistent EZ structure, the
first-guess grid points are filtered using the signs of the
vertical gradients of # and r. Specifically, grid points are
excluded if they satisfy d0/0z <0, dr/oz > 0, or both,
as such combinations are inconsistent with the canoni-
cal EZ structure. These gradients are computed using a
forward-difference method and are used only as a phys-
ical consistency filter rather than as a primary detection
criterion. To ensure a reliable evaluation of these gradi-
ents, the vertical grid spacing must be finer than approxi-
mately 30 m.

Beyond these physical consistency checks, the candi-
date level hy is subjected to a final quantitative validation
test to avoid misidentifying sporadic or transient nega-
tive covariance signals within the mixed layer as the EZ
bottom. Specifically, the magnitude of the covariance at
the candidate level is compared with the mean covari-
ance magnitude within a prescribed window immediately
above:

Zmax
|C(h0fg)| > Q%ZW(Z)L (15)

Zmin

where n is the number of vertical levels within the aver-
aging interval Zmin = Rog, and Zmax = hoge + AZp, ;- The
coefficient a is an empirically determined threshold set to
0.8. This value was selected based on sensitivity tests con-
ducted during algorithm development, which indicated
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perturbation, while subsequent panels illustrate scale-dependent deviations. The scale index decreases from left to right, representing

progressively finer segment length. AGL, above ground level [Colour figure can be viewed at wileyonlinelibrary.com]

that @ = 0.8 provides an optimal balance: it effectively sup-
presses sporadic covariance noise in the mixed layer while
retaining the robust, sustained covariance signature that
defines the base of EZ.

The depth of the averaging window is defined as

AZhOfg = min(ZTop - hO,fg’ 2 km), (16)

which constrains the averaging interval above the candi-
date level. The upper limit of 2 km was introduced based
on empirical examination of the sounding datasets used in
this study, which showed that sporadic ML covariance sig-
nals rarely occur more than about 2 km above the entrain-
ment zone. This constraint prevents the averaging interval
from extending too deeply into the free troposphere while
still allowing a sufficient vertical range to characterize the
background covariance magnitude. At the same time, the
window depth is also limited by the remaining distance to
the upper search boundary zr,, (set to 5km in this study),
ensuring that the averaging interval does not exceed the
available profile depth above the candidate level.

The summation in Equation (15) represents the arith-
metic mean of |C(z)| over the specified vertical interval.

The final estimate of hg is defined as the lowest level
within the range 300 m < z < Zrop, (Z1op = 5 km) that sat-
isfies both Equations (14) and (15). The lower bound of
300m was introduced to avoid detecting sporadic covari-
ance signals in the immediate near-surface layer, where
strong gradients and measurement noise may occur. At
the same time, this threshold remains sufficiently low
to capture the entrainment zone base under typical CBL
conditions.

Figure 5 illustrates the application of Equations (14)
and (15) for estimating hy, using a rawinsonde sound-
ing from the ARM SGP Central Facility (CF; 36.605
°N, 97.485°W) near Lamont, Oklahoma, United States,
at 11:30 LST (LST=UTC-6) on 21 May 2009. The fil-
tering step of E CBL quation (15) retains only those
candidates where the negative covariance signal is sig-
nificantly stronger than the surrounding background
variability, thereby suppressing spurious detections from
isolated negative covariance points within the mixed layer.
This enhances the robustness of the wavelet-based iden-
tification of the EZ lower boundary. To demonstrate that
this filtering is robust across varying boundary-layer struc-
ture, Figure 6 presents additional examples. These cases,
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from the ARM SGP CF (31 August 2009) and the IHOP
2002 Homestead (20 and 21 June 2002), confirm that the
algorithm consistently isolates the sustained EZ signa-
ture from transient mixed-layer noise, even under different
stability and moisture profiles. This cross-case validation
underscores the reliability of the wavelet-based identifica-
tion of the EZ boundaries.

The top of the EZ, h,, is defined as the highest level
within the interval [ho, ho + AEZp] that satisfies the con-
dition given in Equations (14) and (15), such that:

h, = max(z € [ho, ho + AEZg| | Eq.14 AEq. 15). (17)
The thickness of the search interval is specified as
AEZjg = min(2zrop — ho, fezho), (18)

where fgz=0.5. This parameter limits the maximum
depth of the entrainment-zone search region to either
the remaining profile extent above hy or a fraction of
the mixed-layer depth proportional to h,. The value
Pez=0.5 was selected based on commonly reported
entrainment-zone thicknesses in convective boundary lay-
ers, which typically scale with the intensity of ther-
mals and represent a fraction of the mixed-layer depth.
This scaling is broadly consistent with the empirical
relation hy ~ 0.8z; reported in previous boundary-layer
studies (e.g., Kaimal and Finnigan, 1997; Stull,1988). Sen-
sitivity tests using alternative values between 0.3 and
0.7 showed that the estimated h, varied only slightly,

indicating that the algorithm is relatively insensitive to the
precise choice of fgz.

Figure 7 illustrates the application of Equations (14)
and (15) for estimating h,, using the same sounding
shown in Figure 5. In this example, h, is 1447 m (see
Figure 5). The first-guess depth, AEZg,, is determined from
Equation (18) as 723 m, corresponding to the minimum of
Zrop — Mo = 3.553 km and fgzho=723 m. Within this inter-
val candidate levels of h, are sequentially tested against
Equations (14) and (15). The highest level that satisfies all
the conditions is then selected as the final h,, which is
1637 m in for this sounding.

Although Equation (15) is not among the theoretical
conditions introduced in Section 2.3 for determining h,,
it is applied in practice to reduce the overestimation that
often arises when Equation (14) is used alone. By empha-
sizing regions with strong negative covariance signals,
Equation (15) improves the robustness of EZ top detection.
Physically, h, corresponds to the level reached by over-
shooting updraft plumes above the mixed-layer top. The
CBL height, z;, is then defined as the midpoint between the
EZ bottom (hg) and the top (h,), while the EZ thickness,
AEZ, is given by their difference (h, — hy).

At the base of the vertical profiles of # and r, the
SL condition given in Equation (13) is first evaluated
within a shallow near-surface layer (here, between 10 and
35m) to identify and exclude cases that do not satisfy the
SL condition. Specifically, the SL top is defined as the
lowest level above which a distinct ML emerges, charac-
terized by nearly constant vertical gradients of 6 and r.
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Three examples of vertical profiles exhibiting not-well-mixed structures within the mixed layer. In each case, the

entrainment-zone bottom (hy) is first identified using Equation (14) alone (horizontal gray line) and then corrected when both Equations (14)
and (15) are applied (horizontal red line). The upper panels (a-c) show 8 and r soundings, while the lower panels (d-f) present the
corresponding scale-1 covariance (6'r @), Panels (a,d) display a sounding observed at ARM SGP Central Facility at 11:30 LST on 31 August
2009. Panel (b,e) and (c,f) show soundings from the IHOP_2002 campaign at 12:02 LST on 20 June 2002 and 13:39 LST on 21 June 2002,
respectively. AGL, above ground level [Colour figure can be viewed at wileyonlinelibrary.com]

Accordingly, the SL top zsp, is determined as the level
immediately below where the Haar-DWT scale-1 covari-
ance of 6 and r becomes zero:

0'rP(z > zg) = 0. (19)

An additional requirement is imposed to ensure physical
consistency, namely that the covariance (6’r'") remains
positive at levels below zg1, consistent with the theoretical
vertical structure of #’ and ' within the SL:

0'F Pz <zs1) > 0. (20)

Thus, the SL top is defined as the lowest level within
the range [z2, fsiho] that simultaneously satisfies
Equations (19) and (20):

ZsL = min(z € (22, Bszho] IEq. 19 A Eq. 20) (21D

Here, z, denotes the second vertical data point, chosen
to reduce potential noise contamination near the surface.
The parameter fs;, defines the upper bound of the SL
search interval and is set to fs;, = 0.5. This bound ensures
that the entire SL is included in the search while prevent-
ing contamination from the overlying ML. Although the
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FIGURE 7 Same as Figure 5, but for the height range

500-3000 m. The estimated entrainment-zone (EZ) bottom (h,

= 1447 m) is marked in red. The shaded region indicates the
first-guess depth AEZj, defined by Equation (18), which is 723 m for
this profile and serves as the search interval for h,. Candidate levels
of h, that satisfy both Equations (14) and (15) are shown in purple,
while those satisfying Equation (14) only are shown in gray. The
final h,, determined as 1637 m, is marked by the blue line. AGL,
above ground level [Colour figure can be viewed at
wileyonlinelibrary.com|

SL typically occupies the lowest approximately 10% of the
boundary-layer depth (Stull, 1988), a larger upper bound
is adopted to ensure robustness under varying vertical
sampling resolutions. Sensitivity experiments indicated
that using s, values between 0.3 and 0.6 produces nearly
identical zg; estimates for most cases.

In practice, some individual points within the SL may
not strictly satisfy Equation (20) because of the inherently
turbulent nature of the SL. Therefore, when Equation (20)
is not fulfilled at all levels, the mean covariance across the
SL is instead required to remain positive:

ZsL

1
ﬁ;‘;az) >0 (22)

Figure 8 illustrates the application of these conditions
(Equations 19-21) together with the search interval [z,
PsLho], resulting in an identified zsp of 98 m for this
example.

3 | APPLICATIONSTO
OBSERVATIONAL SOUNDINGS
3.1 | High-resolution radio soundings

We applied the wavelet approach to high-resolution radio
soundings from two field datasets. The first dataset

was collected with the Integrated Sounding System
(ISS) deployed during the International H,O Project

(IHOP_2002; Weckwerth et al., 2004; LeMone et al., 2007),
conducted over the Southern Great Plains from 13 May
to 25 June 2002. The ISS provided frequent radiosonde
launches with detailed profiles of temperature, humid-
ity, and winds, which have been widely used to evaluate
large-eddy simulations (LESs) of CBLs (e.g., Conzemius &
Fedorovich, 2008; Couvreux et al., 2005) and to document
their observed evolution (Bennett et al., 2010). From a total
of 137 soundings, we initially selected 84 daytime launches
between 10:00 and 17:00 LST. To ensure consistency with
the 5-km analysis depth, we excluded three profiles with
maximum vertical spacing exceeding 1km and two pro-
files terminating near 4 km and 200 m respectively, leaving
79 soundings for analysis.

The second dataset consists of routine balloon-borne
radio soundings from the US Department of Energy
ARM Southern Great Plains (SGP) Central Facility near
Lamont, Oklahoma (36.6°N, 97.5°W; 315m mean sea
level). These soundings, archived as the sgpsondewnpnC1
product (https://adc.arm.gov/), have been conducted four
times daily (0530, 1130, 1730, and 2330 UTC) since 2001,
with a nominal vertical resolution of 2s. For this study,
we analyzed profiles collected between May and Septem-
ber 2009, focusing on launches at 1730 UTC (11:30 LST).
Of 153 scheduled launches, 149 were successfully com-
pleted; three were missing, and one was excluded because
the ascent terminated near 2km. Three supplemental
launches (13:54 LST on 13 May, 14:46 LST on 9 June, and
10:02 LST on 2 August) were included, resulting in a total
of 152 soundings retained for analysis.

Because the vertical resolution varies among individ-
ual sounding profiles, all profiles were interpolated onto a
uniform vertical grid with a spacing of 5m from the sur-
face to 5km. This spacing lies within the observational
vertical-resolution ranges of both the IHOP (2.4-6 m) and
ARM SGP (4.3-11.7 m) soundings at the lowest 5km. The
interpolated profiles were then resampled to 1024 data
points (21%) to satisfy the dyadic-length requirement of the
Haar DWT, following Vickers and Mahrt (2003). The 231
soundings analyzed (79 from IHOP_2002 and 152 from
ARM SGP) were classified into canonical, atypical, and
unclassified CBL cases (Table 1). Here, In the canonical
cases, the algorithm retrieved CBL parameters in close
agreement with visual inspection, providing a robust base-
line for typical CBL structures. Canonical examples are
shown in Figure 9, where the algorithm accurately identi-
fied hy at the top of the ML, h, near the upper boundary of
the EZ where the vertical gradients of 6 and r change, and
Zst just below the ML base, delineating the SL where both
0 and r decrease with height.

In contrast, parameter estimation for atypical cases
was more challenging, although some profiles still yielded
reasonable agreement. Three categories of atypical CBL
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TABLE 1 Summary of 231 soundings from the ITHOP_2002
and ARM datasets, classified into canonical, atypical, and
unclassified categories. CBL, convective boundary layer

Case Counts Total (%)
Canonical CBL 110 47.6
Atypical: Not-well-mixed 57 24.7
Atypical: Ambiguous h, 13 5.6
Atypical:  — r decoupled 24 10.4
Unclassified 27 11.7

Total 231 100.0

structures were identified: not well mixed, ambiguous h,,
and 6-r decoupled. In not-well-mixed cases, large fluctua-
tions within the ML obscure the covariance signal, causing
the algorithm to misinterpret h, as an internal level within
the ML, in turn leading to misidentification of the h,
and an erroneous estimate of z;. This limitation suggests
that strong variability within the ML can hinder reliable
detection of hy. Nevertheless, when the covariance sig-
nal near the EZ remains sufficiently strong despite such
fluctuations, the algorithm can still yield stable estimates
(Figure 10a-c).

In ambiguous-h, cases, illustrated in Figure 10d-f,
the vertical gradients of # and/or r across the EZ are
nearly uniform, resulting in a weak and diffuse covari-
ance signature. Under these conditions, the covariance
within the first-guess EZ depth (AEZg) often lacks a dis-
tinct peak that clearly delineates the EZ top. Consequently,

the algorithm tends to assign h, to the uppermost level
within AEZj, based on the default threshold (fgz = 0.5). A
representative example is shown in Figure 10f, where the
identified EZ depth appears relatively shallow. However,
sensitivity tests (not shown) indicate that by increasing the
threshold pgz to 1.0, the algorithm can capture a much
higher EZ top at approximately 800 m. This suggests that
in certain cases, such as developing morning CBLs where
the EZ depth can be as large as the ML depth (e.g., Stouf-
fer et al., 2025), the default search range may lead to an
underestimation. For the purpose of this study, however,
the default value was maintained to ensure robust perfor-
mance across the broader midday-centered dataset.

The 6 —r decoupled cases present a distinct chal-
lenge. In these profiles, # exhibits a marked gradient
change at a lower level, while r retains ML characteris-
tics and shifts its gradient to a higher altitude. This mis-
match weakens the covariance signal and often causes
the algorithm to assign hy to the level where r shows a
slope change, since both variables are evaluated simul-
taneously. In the 23 May 2002 sounding (Figure 10g),
hy is identified at the height where the gradient in r is
well defined. In another example, on the 15 September
2009 sounding (Figure 10i), 8 develops a positive gradient
while r remains nearly constant within the ML, result-
ing in hy being placed at the level where r eventually
exhibits a negative gradient aloft. These vertical offsets
appear to reflect divergent environmental forcings. On 15
September 2009, for example, antecedent rainfall coupled
with northerly winds likely sustained high moisture lev-
els above the thermal ML. The northerly flow continued
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to advect moisture into the region after passing over the
nearby river, effectively “decoupling” the moisture profile

from the thermal structure.

Twenty seven cases (11.7%; Table 1) could not be clas-
sified as either canonical or atypical and were grouped as
unclassified, as the 8 and r profiles lacked characteristic
ML or EZ structures and exhibited irregular covariance
signals. Overall, the algorithm captured CBL parameters
reliably in canonical cases and showed mixed performance
in atypical cases, yielding stable estimates in some profiles
but inconsistent results for others.

The statistics of key CBL parameters derived from 110
canonical soundings in the high-resolution radiosonde
datasets are summarized in Table 2. The mean and
median CBL heights (1168 and 1066 m above ground
level [AGL], respectively) indicate a characteristic depth
of approximately 1km. Similarly, the mean and median

SL heights, derived from 85 soundings with a well-defined
SL, are 89 and 83 m AGL, respectively. These values are
slightly below the nominal 100 m depth, corresponding
to roughly 10% of the CBL depth. Because the soundings
were selected solely based on profile shape, without regard
to weather regime, representative values of CBL height
and SL depth can be taken as about 1km and 80m
AGL, respectively, consistent with the expected ranges
for well-developed daytime boundary layers (e.g., Sullivan
et al., 1998; Sullivan & Patton, 2011). The mean and
median EZ thicknesses (AEZ = h, — hy) are 257 and
210 m, respectively, which fall within the 50-300 m range
reported in LESs and field observations of CBLs (e.g.,
Huang et al., 2011; Sullivan et al, 1998). The corre-
sponding mean and median vertical gradient of 6 across
the EZ are 1.9 and 1.3K-(100m)~!, while those of r
are 2.4 and 1.5g-kg~'-(100m)~!. These magnitudes are
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FIGURE 10 Nine example profiles of potential temperature (6, solid) and water vapor mixing ratio (r, dashed) illustrating three
atypical case types: (a—c) not-well-mixed, (d-f) ambiguous h,, and (g-i) 6 — r decoupled. Horizontal lines denote key convective boundary
layer (CBL) parameters: The entrainment zone (EZ) bottom (hy, red), EZ top (h,, blue), boundary-layer height (zi, purple), and surface-layer
top (s, green). Profiles are drawn from both the IHOP_2002 and ARM SGP (2009) datasets. ). AGL, above ground level [Colour figure can be
viewed at wileyonlinelibrary.com]

comparable to those inferred from previous LES and The algorithm is applicable across daytime convective
observational studies, where inversion jumps of 4-8 K  conditions, from the late morning growth phase to the
and 2-3 g-kg~! across 100-300-m thick layers yield similar ~ mature CBL period. During the late morning hours, when
order-of-magnitude estimates (Huang et al., 2011; Sullivan ~ the CBL is still developing, the algorithm can retrieve phys-
et al., 1998). ically consistent CBL parameters in many cases; however,
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TABLE 2
(CBL) parameters derived from canonical soundings in the
high-resolution datasets (110 soundings: 38 from IHOP_2002 ISS
and 72 from ARM SGP CF) and the Korea Meteorological
Administration (KMA) dataset (48 soundings)

Summary statistics of convective boundary layer

High-resolution = KMA

Parameter Mean Median Mean Median
Zst, [m] 89 83 108 83

zi [m] 1168 1066 1325 1300
AEZ [m] 257 210 291 237
A0/zpz [K-m™1] 0.019  0.013 0.012  0.01
|A/apz| [gkg™tm™1]  0.024  0.015 0.014  0.011

Note: Among these, zg;, is available for 85 and 41 cases in the high-resolution
and KMA datasets, respectively, after excluding soundings without a
well-defined surface layer.

profiles during this period frequently exhibit structural
characteristics of a developing CBL rather than those of
a fully canonical CBL, leading to a higher fraction of
atypical classification. Even in these cases, the retrieved
parameters remain physically interpretable estimates of
key CBL features. Preliminary inspection of soundings
outside the analyzed period suggests that during the
early morning and evening transition periods, deviations
from the typical CBL structure become more pronounced,
limiting the reliability of parameter estimation with the
algorithm.

3.2 | Operational radio soundings

We also applied the wavelet approach to radio sound-
ings from the Osan WMO upper-air station operated by
the Korea Meteorological Administration (KMA) in South
Korea (37.09° N, 127.03° E). The Osan station conducts
routine launches four times daily at 0000, 0600, 1200, and
1800 UTC. For this study, we analyzed the 0600 UTC
(1500 LST) soundings from May to September 2019, yield-
ing a total of 150 profiles.

These operational soundings provide routine verti-
cal profiles of temperature and humidity, but their ver-
tical resolution is substantially coarser than that of the
IHOP_2002 ISS and ARM SGP CF datasets. The rela-
tively sparse sampling tends to smooth the vertical gradi-
ents of § and r, thereby weakening the covariance signal
used by the algorithm and potentially leading to misiden-
tification of CBL parameters. Nevertheless, such sound-
ings remain valuable for examining broader variability
and extracting key CBL characteristics under operational
monitoring conditions. Consistent with this limitation,

Seidel et al. (2010) showed that sparse vertical sampling
introduces structural uncertainties in boundary layer
height estimation, while Guo et al. (2021), using a bulk
Richardson number method, demonstrated that insuffi-
cient vertical resolution smooths the thermodynamic gra-
dients near the CBL top and degrades the accuracy of
height detection.

Despite these limitations, 48 of the 150 KM A soundings
(32%) exhibited canonical CBL structures, for which the
algorithm produced reliable estimates (Figure 11a-d). This
result demonstrates the method can capture key CBL char-
acteristics even from coarse-resolution operational data.
The statistical properties of the estimated CBL parameters
for these canonical cases are summarized in Table 2 and
are comparable in magnitude to those derived from the
high-resolution dataset.

For the remaining atypical profiles discussed in the
previous section, the algorithm still yielded reasonable
estimates, as illustrated in Figure 11e-h. These examples
suggest that even when coarse vertical resolution smooths
thermodynamic gradients, the method can still provide
meaningful results when distinct thermodynamic tran-
sitions remain identifiable at the SL-ML, and ML-EZ
interfaces. However, as shown in Figure 11h, the method
may overestimate the EZ base height (hy) when a strong
negative covariance signal develops in the upper free
atmosphere, highlighting an inherent limitation of the
approach.

Figure 12 presents vertical profiles of § and r nor-
malized by their ML mean values (6, and ryp) and
plotted against height normalized by the CBL height
(z/z:). Here, 6\, and ry, were calculated over the layer
between zs;, and hy. For the high-resolution datasets,
85 of the 110 canonical soundings with well-defined SL
structures were used, whereas for the KMA dataset, 41
of the 48 soundings exhibiting clear SL structures were
included. These normalized profiles demonstrate how
multiple CBL soundings can be summarized using the
scaling parameters, Oy, 'mi, and z;, enabling a normalized
representation of the mean CBL structure. The compos-
ite profiles derived from the high-resolution and KMA
datasets reveal systematic differences reflecting variations
in CBL characteristics and boundary conditions, including
surface thermal and moisture properties and the lapse rate
of the overlying free atmosphere. The corresponding statis-
tics of these scaling parameters are summarized in Table 3.

3.3 | Sensitivity of the algorithm
to vertical resolution

To assess the sensitivity of the algorithm to vertical resolu-
tion, we conducted an under-sampling experiment using
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FIGURE 11  Vertical profiles of potential temperature (6, solid) and water vapor mixing ratio (r, dashed) selected from Korea

Meteorological Administration (KMA) soundings. Canonical convective boundary layer (CBL) conditions are shown in panels (a—-d), whereas
panels (e-h) illustrate atypical conditions: (¢) weak entrainment, (f) not-well-mixed, (g) & — r decoupled, and (h) h, overestimation. The
markers indicate the observed values with circles for  and triangles for r. Horizontal lines denote key CBL parameters: the entrainment-zone
(EZ) bottom (hy, red), EZ top (h,, blue), boundary-layer height (zi, purple), and surface-layer (SL) top (zs., green). AGL, above ground level

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12  Vertical profiles of 3.0 3.0
normalized (a) potential temperature
(6/6\) and (b) water vapor mixing 2.5— 2.5
ratio (r/ry) as a function of
normalized height (z/z;), derived from 204 2.0-
canonical soundings. Profiles from the
high-resolution datasets (85 soundings) —

. N 1.5+ 1.5
are shown in blue, and those from the N
Korea Meteorological Administration
(KMA) dataset (41 soundings) are 1.0 4 1.0
shown in red. Solid lines denote the
mean profiles, while shaded regions 0.5 0.5
represent one standard deviation about
the mean. [Colour figure can be viewed 0.0 0.0

at wileyonlinelibrary.com]
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high-resolution profiles modified to emulate the vertical
level discretization of operational radiosonde observa-
tions. While we recognize that this experiment is based
on a limited number of selected cases and may not fully

capture the entire spectrum of operational sounding reso-
lutions, the primary objective was to examine how insuffi-
cient sampling within the SL and EZ affects the detection
of key CBL parameters. To this end, two high-resolution
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TABLE 3
high-resolution datasets (85 soundings) and the Korea Meteorological Administration (KMA) dataset (41 soundings)

Statistical summary (mean, median, and standard deviation) of mixed-layer (ML) scaling parameters derived from the

High-resolution soundings KMA soundings
Statistic Ome [K] rv [g-kg™'] z; [m] Ome [K] rve [g - kg™'] z; [m]
Mean 305 10.5 1184 298 8.4 1313
Median 305 10.7 1068 298 7.9 1288
Standard deviation 6.14 2.7 484.4 3.7 3.2 481.2

TABLE 4
Region Statistics
EZ (1-3km) Number of levels
Vertical spacing Mean [m]
Min. [m]
Max. [m]
SL (0-500 m) Number of levels
Vertical spacing Mean [m]
Min. [m]
Max. [m]

Vertical resolution of two operational radiosonde profiles used in the under-sampling experiment

Fine-resolution case Coarse-resolution case

16 4
130 551
10 30
307 1042
5 2

28 279
16 279
44 279

Note: For each case, the number of height levels, and the mean, minimum, and maximum vertical spacing (Az, m) are listed. The fine-resolution case is based on
the profile observed at 15:00 LST on 28 August 2019, and the coarse-resolution case on the profile observed at 15:00 LST on 20 July 2019. These two soundings
represent the densely and sparsely sampled conditions within the Korea Meteorological Administration (KMA) dataset. EZ, entrainment zone; SL, surface layer

reference profiles were selected: one from the ITHOP_2002
Homestead site (12:15 LST, 13 May 2002) and another from
the ARM SGP CF (11:30 LST, 21 May 2009). Both were pre-
viously identified as canonical CBL cases (Figure 9a,d) that
resolve the essential SL, ML, and EZ structures.

To reproduce the vertical reporting characteristics of
operational radiosonde, the high-resolution profiles were
resampled using the vertical level structures from two
selected KMA soundings, which include both mandatory
and significant levels. While mandatory levels correspond
to standard pressure levels, significant levels represent
additional points reported where strong gradients in tem-
perature and humidity occur. Recognizing that these
two soundings do not encompass all possible operational
reporting scenarios, they were specifically selected to rep-
resent contrasting sampling configurations: a relatively
dense case (15:00 LST, 28 August 2019) and a sparse case
(15:00 LST, 20 July 2019). This selection was based on the
vertical spacing and the density of reported levels within
and around the SL and EZ, providing a focused basis for
sensitivity analysis. The corresponding vertical-level dis-
tributions are summarized in Table 4.

Figure 13 illustrates the algorithm’s sensitivity to ver-
tical resolution using these canonical profiles. The origi-
nal high-resolution profiles (Figure 13a,d) were resampled

according to the vertical levels of selected KMA sound-
ings to evaluate potential diagnostic discrepancies. While
we acknowledge that the results in Figure 13 are derived
from a limited set of cases and may not represent the
full variability of all potential sounding environments, the
comparison clearly demonstrates how variations in sam-
pling density, particularly within and around the SL and
EZ, can alter the representation of the original profiles and
significantly affect the diagnosed CBL parameters. This
focused illustration serves to highlight the inherent sensi-
tivity of the algorithm to the vertical resolution provided
by operational reporting systems.

In the relatively fine-resolution case (mean vertical
spacing of approximately 130 m in the EZ and 28 m in the
SL; Table 4, Figure 13b,e), the down-sampled profiles still
capture the key gradients of the original soundings. For the
13 May 2002 case, the diagnosed SL height (zs1.) is identical
to that obtained from the original profile. Although the EZ
depth (AEZ) differs by about 100 m, the CBL top (z;) differs
by only about 15m and the overall EZ structure remains
consistent.

In contrast, the coarse-resolution case (mean vertical
spacing of approximately 551 m in the EZ and 279 m in the
SL; Table 4, Figure 13c,f) substantially degrades the repre-
sentation of the vertical structure. Sparse sampling leaves
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FIGURE 13  Algorithm performance under different vertical resolutions for the two canonical profiles shown in Figure 9. The first

column (a, d) presents the original high-resolution profiles; the second column (b, e) shows the profiles down-sampled using the vertical
level structure of the KMA radiosonde sounding observed at 15:00 LST on 28 August 2019 (relatively finer vertical sampling); and the third
column (c, f) shows profiles down-sampled using the vertical level structure of the KMA sounding observed at 15:00 LST on 20 July 2019
(relatively coarser vertical sampling). Horizontal lines denote key CBL parameters: Entrainment zone (EZ) bottom (h,, red), EZ top (h,,

blue), boundary-layer height (zi, purple), and the surface-layer top (zsr., green). AGL, above ground level [Colour figure can be viewed at

wileyonlinelibrary.com]

only two reported levels below 300 m, which is insufficient
to resolve the vertical gradients of # and r required to detect
zsL- Consequently, the algorithm diagnoses zs;, at much
higher levels and misrepresents the EZ structure.

To quantify this sensitivity more systematically, a
vertical-thinning experiment was performed using mul-
tiple high-resolution sounding observations. The origi-
nal profiles, interpolated to a uniform 5m spacing, were
resampled at vertical intervals ranging from 5m (default)
to 500 m in 25-m increments (i.e., 25-500m), with an
additional case at 15m. The algorithm was applied to

each resampled profile, and the resulting CBL parame-
ters were compared with those obtained from the original
profiles. This analysis used 38 typical soundings from the
IHOP_2002 dataset and 72 soundings from the ARM SGP
dataset (Table 1).

Figure 14a shows the mean absolute error (MAE) of
the estimated z;, relative to the default 5-m resolution.
The median and the interquartile range (25th-75th per-
centiles) of the absolute errors are also presented for each
vertical grid spacing. For all spacings, the median values
are smaller than the mean, indicating a positively skewed
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FIGURE 14
the absolute error in (a)

Distribution of

boundary-layer height (z;) and (b)
surface-layer height (zsp) as a
function of vertical grid spacing
(Az). Boxplots indicate the error

distribution, and the horizontal

line and open circles represent the
median and mean absolute error
(MAE), respectively. Panel (c)

shows the number of profiles used
in the calculation for zg;, at each
grid spacing. The analysis is based
on 110 canonical soundings, while
the number of available profiles for
Zs1, ranges from 85 to 22 depending
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error distribution with a relatively small number of large
errors. The MAE remains below 75 m for spacings up to
150 m, rises to about 100m at 200 m spacing, gradually
increases to approximately 150 m for spacings between
300 and 400 m, and exceeds 200 m at 475 m. Overall the
covariance-based estimation of z; shows relatively weak
sensitivity to vertical resolution, with the MAE remain-
ing below approximately 200 m even at a spacing of 400 m.
Given the mean and median z; values of 1168 m and
1066 m (Table 2), these errors correspond to about 0.09z;
for an MAE of 100 m and about 0.17-0.19z; for an MAE of
200 m.

These results suggest that reliable detection of CBL
structure requires vertical sampling intervals smaller than
the typical EZ depth (about 200 m). In practice, vertical
spacings on the order of 100 m to about 200 m are generally
sufficient to reproduce key CBL parameters with reason-
able accuracy, whereas spacings of several hundred meters
lead to progressively larger uncertainties. In contrast to z;,
the MAE of zg (Figure 14b) increases much more rapidly
with increasing vertical grid spacing. The MAE remains
below 50m for spacings up to 100m but rises sharply
thereafter, reaching 166 m at 250 m. As vertical spacing
becomes coarser, the smoothing of vertical gradients also
reduces the number of soundings in which zgican be
detected (Figure 14c). Nevertheless, more than 60 of 85
soundings (approximately 70%) remain available at spac-
ings up to 250 m, indicating that the reduction in sample

size does not yet undermine the statistical robustness of
the analysis. Given the mean and median zg; values of 89
and 83 m (Table 2), this error is roughly twice the typical
zspdepth. These results indicate that reliable estimation of
ZsLrequires vertical spacings finer than about 100 m.

Taken together, the case study analysis (Figure 13)
and the statistical evaluation based on multiple soundings
(Figure 14) consistently demonstrate that the reliability
of the covariance-based algorithm depends strongly on
vertical sampling density. When the vertical resolution is
sufficiently fine, the algorithm reproduces key CBL param-
eters in close agreement with the original high-resolution
profiles. In contrast, sparse vertical sampling weakens the
representation of thermodynamic gradients within the SL
and EZ, leading to increased uncertainty in the diagnosed
parameters. The statistical results further show that the
estimation of z; remains relatively robust to vertical reso-
lution, whereas the estimation of zgy, is considerably more
sensitive to coarse vertical sampling.

3.4 | Comparisons with the gradient
method

To clarify the structural advantages of the proposed
covariance-based framework, we compare it with the con-
ventional maximum-gradient method for diagnosing the
CBL top z;, defined as the altitude where the vertical
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TABLE 5 Summary statistics of the absolute differences in
convective boundary layer (CBL) height (|Az;|) between the
covariance-based method and maximum-gradient methods using
potential temperature (6), virtual potential temperature (6,), and
water vapor mixing ratio (r).

Gradient 4%l [m]
Category  variable Mean Median Min. Max.
1 0 106 46 0 1604
0, 210 54 0 2102
r 213 49 1 2214
2 0 445 159 88 1325
0y 356 159 88 1330
r 1005 838 107 2459
3 0 1141 1041 20 3069
0, 1065 611 85 3069
r 514 121 20 2392

Note: The analysis is based on the 110 canonical soundings, of which 87
were classified into three categories according to the relative strength of
temperature and moisture gradients near the entrainment zone: 6 — r
coupled (61 cases), f-dominant (6 cases), and r-dominant (20 cases).

gradient of a selected scalar variable attains its maximum
magnitude. To examine the sensitivity of diagnosed CBL
height to the choice of variable, the maximum-gradient
method was applied to vertical profiles of 8, 6, and r from
the 110 canonical cases selected from the IHOP_2002 and
ARM SGP soundings. Three representative EZ structures
were identified manually by visual inspection of the pro-
files and classified according to the relative strength and
vertical alignment of the 6 and r gradients: (1) Category 1,
distinct and vertically collocated gradients in both 6 and r;
(2) Category 2, strong 6 gradient with weak r gradient; and
(3) Category 3, strong r gradient with weak 6 gradient.

For a controlled comparison, only high-resolution pro-
files that clearly exhibit one of these structures were
selected, yielding 87 cases in total: 61 in Category 1 (e.g.,
13 May 2002; Figure 9a, and 21 May 2009; Figure 9d), 6 in
Category 2 (e.g., 17 June 2009; Figure 9c, and 3 Septem-
ber 2009; Figure 9e), and 20 in Category 3 (e.g., 16 June
2002; Figure 9b, and 2 August 2009; Figure 9f). Among the
110 canonical cases, 23 profiles with ambiguous or mixed
gradient characteristics were excluded. The CBL heights
diagnosed from each variable were compared across these
categories, and their distributions were summarized using
standard statistics (mean, median, minimum, and maxi-
mum) as reported in Table 5.

In most previous studies, the maximum-gradient
method has been applied to # or virtual potential tem-
perature (6,) (e.g., Holzworth, 1964; Li, Liu, et al., 2021;
Li, Zhang, et al., 2021; Seidel et al., 2010). Under typical
CBL conditions, however, differs only slightly from 6,
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because the virtual correction depends on r, which is
small compared to unity (Stull, 1988). As a result, pro-
files closely resemble 6 profiles. Consistent with this, the
gradient-based estimates of z; derived from # and are
similar (Table 5). In Category 1, the median differences
between the gradient-based and the covariance-based esti-
mates of z; are small (46 and 56 m for # and 6,, respec-
tively). In Category 2, the corresponding median differ-
ences are identical (159 m). In Category 3, where the 6
gradient becomes ambiguous, both estimates deviate sub-
stantially from the covariance-based z;, with mean differ-
ences of 1141 and 1065 m and median differences of 1041
and 611 m for the 0 and 6,-based estimates, respectively.

In contrast, the use of r alone for maximum-
gradient-based detection of the CBL height has been
relatively rare. Most operational and research appli-
cations primarily rely on thermal variables, operating
under the implicit assumption that temperature gradi-
ents adequately represent the CBL top (Guo et al., 2021;
Seidel et al., 2010). Observations, however, often show
that moisture transitions across the entrainment zone
can be sharper than, or vertically displaced from, tem-
perature transitions, particularly under conditions of
dry-air entrainment or residual-layer influence (Bennett
et al., 2010; Sullivan et al., 1998).

Table 5 shows that the gradient-based and
covariance-based estimate fall within a narrow vertical
range when the maximum temperature and moisture
gradients are vertically collocated (Category 1), with a
median difference of approximately 50 m. Under these
conditions, all three gradient-based estimates converge.
In contrast, when the temperature and moisture gradi-
ents are vertically displaced (Categories 2 and 3), clear
differences emerge among the estimates. In Category 2,
the 0-based estimates remain more consistent with the
covariance-based estimates, showing a median differ-
ence of about 160m (Table 5). In contrast, the r-based
estimates diverge substantially, with a median difference
of roughly 800 m (Table 5). In Category 3, the opposite
pattern emerges: the #-based estimates show a median
difference of about 1000 m, whereas the r-based estimates
exhibit a much smaller median difference of roughly
100m (Table 5). These results demonstrate that the
maximum-gradient method is inherently sensitive to the
choice of a variable and may diagnose different potions of
the EZ depending on the variable used.

This sensitivity arises because the maximum-gradient
method identifies the altitude of the strongest gradient
of a single scalar field. For example, in the 23 May 2002
case (Figure 10g), the maximum gradient of r occurs at
1444 m, whereas the strongest gradient of 6 occurs near
2578 m. The latter altitude does not appear to correspond
to the CBL top but simply marks the largest 6 gradient.

35UBD17 SUOWIWOD) BAIIES1D) 3|gedl|dde ays Aq pausenoh ae sajolie YO ‘ash Jo Sa|nJ 10y AriqiTaulUQ A3|IAA UO (SUO 1} PUOD-PUR-SWLLIBY WO A3 | 1M Areaq 1 Bul[uo//:Sdiy) SUORIPUOD pue SWS | aU) 89S *[9202/60/T0] Uo Ariqiautiuo A8|1a ‘sndwed Buneubues AisAiun uoieN uombuey Aq 8720/ b/200T 0T/I0p/Wod A 1M Areiq iUl Uo'SIBLL//SANY WO popeojumoq ‘0 ‘X0L8.L.7T



20 of 22 Quarterly Journal of the

NRMets

KANG ET AL.

Royal Meteorological Society

These heights therefore represent different gradient max-
ima rather than a uniquely defined CBL top. This example
illustrates how the gradient method can identify different
parts of the profile depending on the variable considered.

The covariance-based method overcomes this limita-
tion by simultaneously incorporating both 6 and r within
the Haar DWT framework. Rather than identifying a
single gradient extremum, it detects the scale-localized
extremum of the 6-r covariance that characterizes the
EZ as a layer of anticorrelated thermodynamic and mois-
ture structure (Stull, 1988; Sullivan & Patton, 2011). The
method identifies both the lower and upper bounds of
the EZ based on this coupled transition and defines the
CBL height as the midpoint between these two dynami-
cally meaningful boundaries. Consequently, the diagnosed
z; reflects the finite-depth structure of the EZ rather than
a single extremum within it.

4 | CONCLUSIONS

This study developed and applied a wavelet-based frame-
work for extracting key CBL parameters from radio sound-
ings. By using the Haar discrete wavelet transform (DWT),
vertical profiles of potential temperature and r were
decomposed into multiscale segment means and devia-
tions. This approach provides a systematic way to diag-
nose the SL top, EZ boundaries, and CBL height from
scale-dependent covariance signals, thereby extending tra-
ditional gradient- and parcel-based methods with an objec-
tive, multiresolution tool. Applications to high-resolution
radio soundings from IHOP_2002 and the ARM SGP Cen-
tral Facility demonstrated that the algorithm can reliably
capture canonical CBL structures. In these cases, the diag-
nosed heights of the SL, EZ, and CBL top closely matched
visual inspection, confirming the physical robustness of
the method. The wavelet approach also distinguished atyp-
ical and ambiguous profiles, where strong mixed-layer
fluctuations, diffuse gradients, or 6-r decoupling reduced
diagnostic clarity. Such cases illustrate both the capa-
bility of the method to flag departures from canonical
structure and its limitations when applied to complex
boundary-layer conditions. The analysis further revealed
that vertical resolution is a critical factor. Fine-resolution
profiles preserved the sharp gradients required for reliable
detection, yielding parameter estimates closely aligned
with those from high-resolution reference data. In con-
trast, coarse-resolution profiles tended to smooth these
gradients, introducing biases in the diagnosed SL height
and EZ depth. Even so, the algorithm provided the
most consistent estimates attainable under such condi-
tions, demonstrating its practical utility for extending
boundary-layer characterization to routine operational

datasets. Overall, the Haar wavelet framework offers a
versatile and objective methodology for quantifying CBL
structure across a wide range of observational settings.
Its consistent performance on both research-grade and
operational soundings underscores its value for process
studies, long-term climatological assessments, and model
evaluation. Future developments will focus on improving
the treatment of atypical cases, incorporating additional
radiosonde variables such as wind speed and direction,
and extending applications across broader observational
networks to establish robust climatological baselines of
boundary-layer variability.
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