Dear reviewer,

We all really appreciate your careful reading and hard work on this manuscript.
These constructive opinions help to improve our work to a great extent. We did our best
to respond to each comment and make this work well-organized. With the help of your
detailed comments, some mistakes in the original manuscript were found and revised.

This paper presents an analysis of the relationship between turbulence statistics

and PM s concentrations. The authors identify a typical pattern of haze pollution and
attribute this pattern to the evolution of turbulent eddies. However, the paper lacks
theoretical rigor and contains basic errors. The primary issue of the paper is that the
partitioning between sub-mesoscale motions and turbulence motions is artificial and
the explanation of haze pollution pattern using this partitioning is subjective. The
authors claimed the emergence of sub-mesoscales even during daytime hours, but no
solid evidence is given to substantiate this claim. Accordingly, the reviewer cannot
recommend publication in ACP. Below some comments are listed that may help
improve the manuscript.
Response: Thanks for your constructive comments. We understand your concerns
about the partitioning between sub-mesoscale motions and turbulence motions. We are
sorry for not elucidating it clearly in the original manuscript. We realize the insufficient
introductions and descriptions in the original manuscript make this part of contents
confused to readers. Thus, we intended to make substantial corrections to the original
manuscript. And we would like to reply this from the following mainly three aspects:

(1) The concepts we follow. Our current study follows the literature and
perspectives in the field of atmospheric turbulence in the atmospheric boundary layer,
including the definition of sub-mesoscale motion by Mahrt et al., the basis for
partitioning between sub-mesoscale motions and turbulent motions, and the classical
turbulence energy spectrum model.

(2) The existing sub-mesoscale motions results in literatures. We will introduce
the existing studies on the definition of the spectral gap between sub-mesoscale motions
and turbulent motions and the emergence of sub-mesoscale motions during the daytime

hours, including the original descriptions and figures in literatures.



(3) The direct observational time series in our study. The sub-mesoscale motions
in the urban canopy layer (UCL) are introduced in detail through the actual observed
cases in this study, which will be presented from the perspective of turbulence
fluctuation. In addition, we also explain that the existence of rough elements in the UCL
causes turbulence to appear non-stationary and non-uniform, and turbulent motions are
strongly affected by the sub-mesoscale motions.

The details are presented in each response below.

1. The paper is motivated by the unique features of urban boundary layer in basins.

So, how the observed haze pollution pattern differs from non-urban areas?
Response: Thank you for your insightful comments. The haze pollution pattern
observed in the UCL of this basin city indeed differs from non-urban areas in previous
studies, and it is also different from other cities which are not in a basin, such as Beijing
and Tianjin in the North China Plain.

Our observation platform was located in the UCL of Lanzhou Basin, China, and
this study has identified a typical evolution pattern of haze pollution within the UCL.:
PM; 5 concentrations rose from 08:00-13:00, declined from 14:00-18:00, rose again
from 19:00-21:00, and decreased from 22:00-07:00. As illustrated in Figure le and
Figure 2a, haze pollution pattern observed in non-urban areas did not exhibit obvious
characteristics. These results are cited from Li et al. (2020) and Jia et al. (2022), in
which the observation sites were located in non-urban areas, specifically on the
underlying surface of wheat fields in Baoding City, Hebei Province, China, and on the
underlying surface of flat farmland in the southern suburbs of Dezhou City, Shandong

Province, China, respectively.



Dec.2016
Figure 1. Temporal variations of 4 m (a) surface wind speed, (b) surface wind direction, (c) air

temperature, (d) relative humidity, and (e) PM» .5 concentration during December 2016. (Cited
from Li et al., 2020, Figure 1, underlying surface of wheat fields)
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Figure 2. Time series of (a) PM, 5 concentrations and time-height cross sections of (b) wind speed,
(c) temperature, and (d) relative humidity from sounding data from December 27, 2018, to
January 8, 2019. (Cited from Jia et al., 2022, Figure 3, underlying surface of flat farmland)

Furthermore, studies conducted on the underlying surfaces of other cities (Ren et
al., 2019a, 2019b) have shown that Beijing and Tianjin city had no consistent haze
pollution pattern (see Figure 3a and Figure 4 al-a2). Additionally, we further analyzed
the PM2 s concentration data in the UCL of Lanzhou Basin in winter from December

2023 to February 2024. The subsequent observed haze pollution pattern



characteristics were still consistent with those reported in this study (see Figure 5).
These findings reinforce the representativeness of our study, indicating that haze

pollution in UCL of Lanzhou Basin has a fixed pattern.
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Figure 3. The PM, 5 mass concentration (a), horizontal wind speed (b), virtual temperature (c), and
water-vapour mixing ratio (d) from 16 December 2016 to 8 January 2017. The black solid line
represents data from the suburbs of Beijing (flat terrain), and the black dotted line represents data
from the Peking University site (urban landscape). (Cited from Ren et al., 2019a, Figure 3,
underlying surface of Beijing city)
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Figure 4. Time series of the PM» 5 mass concentration (al-a2), horizontal wind vector (b1-b2),
vertical wind speed (c1-c2), potential temperature and relative humidity (d1-d2), solar shortwave
radiation (el-e2), ou (f1-12), TKE (gl-g2) and u« (h1-h2). (Cited from Ren et al., 2019b, Figure 6,

underlying surface of Tianjin city)
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Figure 5. The mean diurnal variation of concentrations of PM, s under different conditions from
the UCL of Lanzhou Basin from December 2023 to February 2024. Solid blue and red lines
indicate clean and pollution periods, respectively.

Finally, we will cite these existing studies and provide a detailed introduction to
the unique characteristics of the haze pollution pattern in the UCL of basin in Section

3.1 of the manuscript.

2. The authors refer to intermittency as the variation of turbulence intensity, which
differs from the traditional definition of intermittency in fluid mechanism. To this
reviewer, this is too phenomenological to start with, as quiescent turbulence can be
simply related to the decrease in the energy production, instead of sub-mesoscale
motions.

Response: Thank you so much for your comments. As stated by Mahrt et al. (2014)

“The definition of intermittency varies between studies and disciplines”. Mahrt (1999)

identified two types of turbulence intermittency: small-scale (or fine-scale)

intermittency, which appears as a substructure within the main eddies, and large-scale

(or global) intermittency, characterized by aperiodic transitions in both time and space

between turbulent and quasi-laminar states, with turbulence locally damped at all scales.

Most atmospheric science studies, including this study, focus on global intermittency.

This definition has been extensively discussed in numerous classical papers concerning

the atmospheric boundary layer (Mahrt, 2010; Mahrt et al., 2014; Acevedo et al. 2014;

Sun et al., 2015).



Then, we fully agree with you that the quiescent period of turbulence is indeed
related to the decrease in energy production, but during which the influence of sub-
mesoscale motions gradually increases. We fully realized the necessity to supplement
the details of turbulence intermittency in the original manuscript. We will to introduce
the physical mechanisms of turbulence intermittency that we follow below, and then
present the theoretical framework for the quantitative characterization of turbulence
intermittency here.

(1) The physical mechanisms driving turbulence intermittency

There are several mechanisms that may trigger intermittent turbulence in the
atmospheric boundary layer, such as large-scale atmospheric process, surface
heterogeneity, the local wind shear, and sub-mesoscale motions. Based on numerous
previous studies, mechanisms that trigger turbulence intermittency can be classified
into two types: external and internal.

Businger (1973) proposed a theoretical mechanism for the occurrence of
turbulence intermittency in the stable boundary layer at night when the sky is clear and
cloudless, and this mechanism was verified by Van der Linden et al. (2020) through
large-eddy simulation experiments. In particular, at a certain altitude, turbulence
weakens or even disappears, and the vertical transfer of momentum and heat is hindered.
Thus, above (or below) that altitude, the momentum flux converges (diverges), whereas
the wind speed increases (decreases), ultimately increasing the shear. The flow becomes
dynamically unstable and turbulence temporarily resumes. The resumption of
turbulence causes vertical mixing of momentum and heat and reduction of wind shear.
Owing to continuous radiative cooling of the underlying surface, turbulence
subsequently weakens and even disappears again. Experimental studies have also found
that internal interactions between stable stratification, turbulent mixing, and mean shear
can trigger turbulent intermittency (Pardyjak et al., 2002; Fernando, 2003). This type
of triggering mechanism is referred to as internal factor for the occurrence of turbulent
intermittency (Allouche et al., 2022), and is likely periodic and gives rise to a feedback
loop (Van der Linden et al., 2020). The periodic characteristics of turbulence

intermittency can be reproduced in large-eddy simulations and non-linear bulk models



(Van de Wiel et al., 2002; Costa et al., 2011; Zhou and Chow, 2014; Van der Linden et
al., 2020).

Additionally, turbulence intermittency can also be triggered by sub-mesoscale
motions, such as drainage flows (Hiscox et al., 2023), internal gravity waves (Sun et
al., 2015), horizontal meandering (Mortarini et al., 2019), and small-scale fronts (Mabhrt,
2019). And sub-mesoscale motions are considered as external factors causing
turbulence intermittency (Mahrt, 2010a; Sun et al., 2015). Mahrt (2014) defined sub-
mesoscale motions as “motions between the primary turbulent eddies and smallest
mesoscale motions”, which are non-stationary motions. Figure 6a shows the spatial and
temporal relationships between sub-mesoscale motions and turbulence motions. Few
sub-mesoscale motions can be specifically named, whereas most of them are random
disturbances in boundary layers and can only be detected in collected data. Figure 6b
shows horizontal meandering motions observed in field experiments.
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Figure 6. (a) The relationship between the spatiotemporal scales of turbulent motion, hybrid
motion, sub-mesoscale motion, and mesoscale motion and atmospheric stability (This figure is
revised from Figure 2 of Mahrt (2014)). (b) horizontal meandering motions observed in field

experiments. (Cited from www.submeso.org)

(2) Quantitative characterization of turbulence intermittency

Most of the existing methods set thresholds based on intermittent phenomena to
characterize turbulence intermittency. For example, a turbulent flux threshold is set for
the bursting period to distinguish turbulence intermittency events (Katul et al., 1994).
Doran (2004) characterized the intermittency strength through dividing the turbulence

duration by the total sampling time. In addition to the time ratio, the flux ratio is also


http://www.submeso.org/

used to identify turbulence intermittency (Coulter and Doran, 2002). Mahrt (1998)
determined the intermittency strength by measuring the degree to which different
statistical parameters of turbulence deviate from their average or normal-state values.
The methods mentioned above are all based on the manifestations of turbulence
intermittency events, which often involve subjectivity and are limited by locality,
making it difficult to compare different observation stations.

According to the physical mechanisms driving turbulence intermittency, there
exists an additional class of methods to quantitatively characterize turbulence
intermittency from the perspective of sub-mesoscale motions. For example, Acevedo
and Fitzjarrald (2014) proposed the index Rsm to quantify the intensity of turbulent
intermittency by using the Multi-Resolution Decomposition (MRD) method. Of course,
the limitation of this method is how to quantitatively characterize the sub-mesoscale
motion accurately.

Existing methods to separate atmospheric turbulence and sub-mesoscale motions
can be classified into two categories. In one type of method, the specific forms of sub-
mesoscale motions are considered, aiming to separate certain types of sub-mesoscale
motions with prominent characteristics (Roméan-Cascon et al., 2015; Deb Burman et al.,
2018). However, the mid-latitude atmospheric boundary layer is often filled with many
different sub-mesoscale motions (Van der Linden et al., 2020; Allouche et al., 2022).
The other type of method does not focus on the specific forms of sub-mesoscale
motions but on their statistical characteristics under specific conditions (Vickers and
Mahrt, 2006; Durden, 2013; Vercauteren et al., 2019). In particular, MRD is the most
widely used method of this type. In addition to conventional mathematical analysis,
Wei et al. (2016) introduced the Hilbert-Huang transform (HHT) into atmospheric
turbulence data analysis, whereas Ren et al. (2019a) developed an algorithm based on
the HHT to separate and reconstruct sub-mesoscale and turbulent motions (SMT). The
proposed algorithm looks for spectral gaps between large- (weather-scale) and small-
scale (turbulence-scale) motions from the Hilbert spectra of observational data, based
on which the algorithm subsequently reconstructs the turbulent motion series. Ren et al.

(2023) improved SMT algorithm from the perspective of dynamical spectral gap



identification, thereby enhancing the accuracy of the identification of spectral gaps in
turbulent fluctuation signals. SMT can help process high frequency pulsation data, any
turbulent variable can be separated into two parts, that is, s’ = s + 8'sub, represent
turbulent motion and sub-mesoscale motions respectively.

After the successful quantitative characterization of sub-mesoscale motions, some
studies have utilized the ratios of turbulence and sub-mesoscale motions in the collected
signals to represent the turbulence intermittency strength. Ren et al. (2019a, 2019b)
proposed two indices, namely, local intermittent strength of turbulence (LIST) and
intermittency strength (IS) to quantitatively characterize turbulence intermittency from
the perspectives of kinetic energy of turbulence and sub-mesoscale motions.

Six methods from various perspectives were selected to compare in this recent
review, Ren et al., (2025). Figure 7 shows the performance of each method for a
turbulence intermittency case and a fully turbulent case, including those proposed by
Katul et al. (1994), Doran (2004), Coulter and Doran (2002), Mahrt (1998), Acevedo
and Fitzjarrald (2014) and Ren et al. (2023). The different methods and indices show
consistency in turbulent intermittency case and fully turbulent case. Furthermore, the
indices (LIST and IS) can detect turbulence intermittency events and describe their
characteristics, quiescent and burst periods. Additionally, the SMT method and LIST
(IS) index have been applied to quantitative turbulence intermittency studies with
different types of underlying surfaces, including homogeneous surfaces (Ren et al.,
2023), arid complex regions (Wei et al., 2021; Chang et al., 2024), desert hinterland
(Zhang et al., 2024), polar regions (Liu et al., 2023), and urban areas (Ren et al., 2019c;
Ju et al., 2022; Zhang et al., 2022).
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Figure 7. Different indexes characterizing turbulence intermittency in intermittency case and pure
turbulent case. (Cited from Ren et al., 2025, Figure 6)

Finally, thanks again for your comments. We realized that our initial description
of turbulence intermittency in the original manuscript was insufficient. Therefore, we
intend to supplement the definition and the physical mechanisms of turbulence
intermittency that we follow, and then present the theoretical framework for the
quantitative characterization of turbulence intermittency in the introduction and

methods section of manuscript.

3. The partition of sub-mesoscale motions and turbulence motions is artificial and
lack theoretical basis. This might be true in some specific situations, e.g., the
gradient Richardson number exceeds 0.25, as waves can survive and turbulence is
not influenced by the wall. However, in neutral and unstable boundary layers,
waves are dynamically unstable and will definitely break into turbulence. Given
that large scale turbulence is anisotropic in neutral and unstable boundary layers,
the scales beyond the plateau in energy spectrum could be still turbulence, see
relevant works by Marusic.

Response: Thank you for your helpful comments and recommendations. We fully agree

with the importance of theoretical basis, and we have read the relevant works by

Marusic, which have greatly enhanced our understanding of fluid dynamics. Our study

followed the well-established theoretical framework of sub-mesoscale motions and

turbulence motions in atmospheric boundary layer turbulence (Mahrt 2009, 2014;

Acevedo et al. 2014), primarily encompassing the following aspects:

Mahrt (2014) defined sub-mesoscale motions as “motions between the primary
turbulent eddies and smallest mesoscale motions”. Sub-mesoscale motions include
drainage flows, horizontal meandering, internal gravity waves, “dirty waves”, among
others.

Distinct spectral gaps have been detected in energy spectra of turbulence quantities
in many studies with the help of different mathematical tools (Muschinski et al., 2004;

Vickers and Mahrt, 2003). To decompose turbulent and sub-mesoscale parts in the



observed fluctuations, spectral approaches are usually adopted, on the basis of the
appearance of spectral gaps between turbulence and sub-mesoscale motions (Mahrt,
2007; Wei et al. 2017; Mahrt and Bouzeid, 2020). Common spectral analysis methods
include wavelet analysis (Salmond 2005), multi-resolution decomposition (MRD;
Vickers and Mahrt 2003; Acevedo et al. 2014) and Hilbert-Huang transform (HHT;
Huang et al. 2008; Wei et al. 2017), where the latter appears to be superior since it is
fully data driven. Vickers and Mahrt (2003) employed the method of MRD to study the
turbulence intermittency. Their findings revealed obvious spectral gaps between the
turbulence scale and the sub-mesoscale motions. Specifically, the momentum fluxes
and heat fluxes exhibited an increase over time within scales smaller than the spectral
gaps. Conversely, in timescales longer than the spectral gaps, their variability rosed, as
illustrated in Figure 8. Ren et al. (2019a) developed an algorithm based on the HHT to
separate and reconstruct sub-mesoscale and turbulent motions (SMT). The proposed
algorithm looks for spectral gaps between large- (weather-scale) and small-scale
(turbulence-scale) motions from the Hilbert spectra of observational data, based on
which the algorithm subsequently reconstructs the turbulent motion series. In the
second-order Hilbert spectra (see Figure 9), we can clearly observe the significant
spectral gaps. The right sides of these spectral gaps aligned with the expectations of
classical energy spectrum theory, whereas the left sides showed deviations from these
expectations. Similarly, the study of Liu et al. (2023) also explored the application of
spectral gaps in distinguishing sub-mesoscale motions from turbulent motions, as
shown in Figure 10. Zhang et al. (2024) even directly considered the energy at the
position of the spectral gap as a sub-mesoscale motion. Furthermore, Ren et al. (2023)
improved SMT algorithm from the perspective of dynamical spectral gap identification,
thereby enhancing the accuracy of the identification of spectral gaps in turbulent
fluctuation signals (see Figure 11). SMT can help process high frequency pulsation data,
any turbulent variable can be separated into two parts, that is, 8" = s"wb + 8'sub, represent
turbulent motion and sub-mesoscale motions respectively. Nevertheless, on some
occasions, there are no clear spectral gaps but instead an intermediate scale range

characterized by the superposition of turbulence and sub-mesoscale motions, called



hybrid motions (Mahrt 2014).
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Figure 8. 5-m sonic data for one stable period around midnight for the sonic heat flux (solid line),
along wind component of momentum flux (dash), crosswind momentum flux (dots), and
magnitude of momentum flux [dash—dot; (b) only] for (a) the co-spectra, and (b) the accumulative
flux. Vertical line is the gap time scale detected by the algorithm (26 s). (Cited from Vickers and
Mahrt 2003, Figure 4)
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08:00 on 31 December 2016 at the suburban site. The black solid line indicates the spectra from
the raw data, and the black dotted line indicates the spectra from the reconstructed data for pure

turbulence. The solid gray lines indicate the position of the spectral gap. (Cited from Ren et al.,
2019a, Figure 3)
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Figure 10. The second-order Hilbert spectra of three wind speed components u’ (a, b), v’ (c, d),
and w’ (e, f) at 09:30 on 10 November 2019. The upper panels show the spectra of Hs, while the
lower panels show the spectra of @Hs. The magenta and blue dashed lines indicate the locations of
the spectral gap identified by Ren et al. (2019a) and our new algorithm, respectively. The solid
black lines are the spectra from raw data, and the solid red lines represent the spectra from
reconstructed data for pure turbulence according to the spectral gap identified by our new
algorithm. (Cited from Liu et al., 2023, Figure 4)

o277 7T T T T T T T
(a) improved
Bl original |

0.008 1

4

o

=
T

0.006 3

Sl

2 5 8 12 15 16 18 20 22 23 26 28 31 35 37 39 42 44 48

3 7 @ 3 5

Gap frequency of W
g
o
-

Spectrum: solid line
— original

original SMT

improved SMT

Gap location: dash line

original SMT
= = improved SMT

I
I
1
1
I
1
1
1

|°;l(w) . - |°S-J(w) - - log(w)
Figure 11. The gap frequency of vertical wind speeds determined by improved (yellow) and
original (green) SMT (a). The spectra of five groups of data (b). The original and reconstructed
spectra of these two data sets: 31 (c) and 42 (d). The original and reconstructed spectra of a case
with same gap frequency in both methods (d). The solid pink line represents the spectrum of the
original data. The bold blue line represents the reconstructed spectrum of improved SMT. The thin
blue line represents he reconstructed spectrum of original SMT. The dotted line marks the location


https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD038639#jgrd58845-bib-0043

of the spectral gap. (Cited from Ren et al., 2023, Figure 2)

Through observation experiments conducted on both complex and flat terrains,
Anfossi et al. (2005) found that meandering seems to exist under all meteorological
conditions regardless of the stability or wind speed. Meandering is one kind of sub-
mesoscale motions (Mortarini et al., 2019). Mahrt (2014) also mentioned that although
sub-mesoscale motions seem to always be present, their impact is limited primarily to
weak-wind conditions. Furthermore, Mahrt (2010b) pointed out that the non-stationary
conditions include boundary-layer transitions, most stable boundary layers and most
weak-wind unstable boundary layers. Thus, beside the very stable boundary layers,
turbulence in the weak-wind unstable boundary layers may intermittent as well due to
sub-mesoscale motions. Zhang et al. (2024) and Wei et al. (2021) both discussed the
effects of the presence of sub-mesoscale motions on the turbulent transport in the
unstable boundary layer (see Figure 12). However, we fully concur with your
perspective. We consider that although sub-mesoscale motions are present during
daytime, their intensity is weaker compared to nocturnal conditions. And they are more

likely to be triggered by the complex underlying surfaces.
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Figure 12. Time series of original (a) u’, (b) original/turbulent 6’, and (¢) turbulent u’ for the
selected 30-min segment under strongly unstable conditions. The black lines in (a) represent the
fluctuations induced by the horizontal convergence/divergence of convective circulations (sub-

mesoscale motions). (Cited from Zhang et al., 2024, Figure 7)

Our field experiments conducted in the UCL, where the underlying surface is



highly complex and wind speeds are relatively weak. The development of turbulent
eddies within the UCL can be easily constrained or fragmented by roughness elements.
And haze pollution often occurs in weak wind conditions (see Figure 13). Both the
complex underlying surface and the weak wind are consistent with the conditions for
the occurrence of sub-mesoscale motions in the literatures. Moreover, our observations
have also found the non-turbulent feature of “dirty waves” in the UCL. It can be seen
from Figure 14 that original u’, v, and w' are all characterized by distinct wavelike
signals. The amplitude and period of waves vary between cycles, which is referred to
as “dirty waves” (Mahrt 2014; Cava et al. 2015). The separated sub-mesoscale signals
of v, v/, and w’ (i.e., black lines in Figure 14a—c) follow the “dirty waves” well, which

means the sub-mesoscale motions represent as “dirty waves” in the UCL.
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Figure 13. Time series of horizontal wind speed (WS) from January 11 to 21, 2021. The gray
shading represents night between 19:00 and 07:00 the following day.
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UCL of basin. The black solid lines represent the fluctuations induced by sub-mesoscale motions.



Thanks again for your valuable comments. We follow the theoretical framework
of sub-mesoscale motions in existing studies. Due to the constraints of the complex
urban terrain, our actual observations found non-turbulent disturbances in high
frequency signals. We are sorry that we failed to explain it clearly in the original
manuscript. We will emphasize the definition and quantitative characterization of sub-
mesoscale motions in the introduction section of the original manuscript. Additionally,
we further supplement the details and theoretical basis of the methods used in the
methods section, as well as incorporate examples of sub-mesoscale motions observed

in the UCL (Figure 14).

4. As the observations are collected within the canopy layer, the observed fluid
motions must be local, the authors have to prove that there are sub-mesoscale
motions in UCL and they are important.

Response: Thank you for your insightful comments on turbulence characteristics

within the UCL. We fully concur that the fluid motions observed in UCL must be local.

In the last response, we introduced the definition of sub-meso scale motions we follow,

the quantitative characterization theory framework we follow, and showed a case of

“dirty waves” in Figure 14. We think we must be clear about this now.

Multiple observational studies have demonstrated that sub-mesoscale motions are
site dependent and tend to be greater in complex terrain (Anfossi et al., 2005; Vickers
and Mabhrt, 2007; Wei et al., 2021; Zhang et al., 2024). Wei et al. (2021) and Zhang et
al., (2024) analyzed the characteristics of the turbulence intermittency and its influence
on the complex terrains, they also found that sub-mesoscale motions can occur during
the daytime. In our study, we used the SMT algorithm to identify the spectral gaps in
1488 groups of 10 Hz high-frequency data from January 2021 within UCL. Specifically,
there are 1090 (73%), 1089 (73%), and 893 (60%) groups of data in the along-wind
direction u, the cross-wind direction v, and vertical direction w, respectively. In addition,
the spectral gaps identified in our study are presented (see Figure 15). Therefore, our
study observed sub-mesoscale motions under the same conditions described in reported

studies: complex terrains and weak winds. The observed non-turbulent motions of



"dirty wave" in high-frequency fluctuations also match existing studies (Zhang et al.,
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Figure 15. Second-order Hilbert spectra of three wind speed components u (a), v (b), and w (c) for
the selected 30-min segments in the UCL (the time is the same as in Figure 14), respectively. The
two red dashed lines indicate the range of the spectral gap.

Thanks again for your helpful comments. We realize that the introduction of sub-
mesoscale motions in the original manuscript was inadequate, potentially causing
confusion for readers from diverse backgrounds. To address this issue, we plan to
emphasize the definitions of sub-mesoscale motions and turbulent motions, the law of
the spectral gap between sub-mesoscale motions and turbulent motions, and the
literatures about sub-mesoscale motions occurring conditions in the introduction
section. Furthermore, in the method section, we would like to describe detailly the
theoretical basis of partition of sub-mesoscale motions and turbulence motions, and
supplement the frequency of the occurrence of spectral gaps and the forms of sub-

mesoscale motions (Figure 14 and Figurel5) found in the UCL.

5. The observed haze pollution pattern can be simply explained as: (1) The decrease
of PM» s from 00:00 to 08:00 is due to the decrease in the emission according to
Fig. 2b; (2) The increase of PM; 5 from 08:00 to 14:00 is due to the increase in the
emission according to Fig. 2b; (3) The decrease of PM2 s from 14:00 to 18:00 is
due to the strengthening turbulence by unstable stratification according to Fig. 2f,
21; (4) The increase of PMzs from 18:00 to 00:00 is due to the suppressed
turbulence by stable stratification according to Fig. 2f, 2i.

Response: Thank you for your constructive comments. We fully agree with that the

haze pollution pattern is related to emission intensity and atmospheric stratification. In



addition, an interesting finding in our study is that the source emission intensity was
weaker during the haze pollution periods compared to the clean periods, yet haze
pollution still formed within the UCL of basin. This suggested that meteorological
conditions might play a crucial role in the process of haze pollution. During the haze
pollution periods, we observed lower relative humidity and horizontal wind speed (see
Figure 16c and Figure 16e), but higher near-surface temperature (see Figure 16d).
Previous studies indicated that higher relative humidity would promote the hygroscopic
growth of fine particulate matters (Quan et al., 2011; Chen et al., 2012), while higher
near-surface temperature supposed the development of unstable stratification. These
characteristics of relative humidity and temperature were unfavorable to the formation
of haze pollution, and it seemed difficult to discuss clearly the decisive contribution of
these local meteorological conditions. Therefore, we continue to study the impact of

turbulence in the UCL.
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Figure 16. The mean diurnal variation of (a) concentrations of PMy s, (b) PM» s/CO, (c) relative
humidity (RH), (d) temperature (T), (e) horizontal wind speed (WS), (f) turbulent kinetic energy
(TKE), (g) friction velocity (u,), (h) sensible heat flux (H), and (i) stability parameter ((z-d)/L)
under different conditions from LACMS in January 2021. Solid blue and red lines indicate clean
and pollution periods, respectively. (From original manuscript Figure2)



This unique distinctive haze pollution pattern is not only associated with emission
intensity and atmospheric stratification, but also influenced by the multi-scale turbulent
structures in the UCL of basin. In addition, we also found that the turbulent structure
characteristics in the UCL of basin differ significantly from those in plain cities (Ren et
al., 2019a; Wang et al., 2020). Specifically, the sensible heat flux reduced and the
atmospheric stratification was more stable during haze pollution periods (see Figure
17a and 17¢). However, the observations of our studies indicated that the sensible heat
flux was greater and the atmospheric instability was stronger during haze pollution
periods, which may be attributed to the stronger influence of human activities. (see

Figure 16h and Figure 16i)
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Figure 17. Diurnal variations in the mean vertical heat flux (a), vertical water-vapour flux (b),
momentum flux (c), and TKE (d) under polluted weather (red solid line) and clear weather (blue
solid line) conditions over the urban site. Diurnal variations in these variables over the suburban

site are shown in (e), (f), (g), and (h). (Cited from Ren et al., 2019a, Figure 11)

The atmospheric turbulence structure of the UCL in the basin is highly
complicated and characterized by strong non-stationarity and inhomogeneity due to the
influence of the heterogeneous distribution of rough elements and human activities. The
Monin—Obukhov similarity theory serves as a critical theoretical framework for
measurement and analysis in the fields of atmospheric boundary layer and atmospheric
turbulence research. And it is the basis for parameterization of turbulence in the
atmospheric boundary layer for air pollution prediction, numerical weather forecasting,

and climate modeling. Strictly speaking, Monin—Obukhov similarity theory only



applies to stationary and homogeneous turbulence; thus, the applicability of similarity
theory within the UCL is questionable (Roth, 2000; Zou et al., 2015). Our detailed
analysis reveals how the complex multi-scale turbulence structures in the UCL of basin
influence the both occurrence and evolution of haze pollution events. These findings
can provide substantial observational basis and theoretical support for improving the
boundary layer parameterization schemes in the urban air quality forecast models.
Finally, we sincerely thank you for constructive comments, which are very
extremely beneficial to our study. We intend to supplement the description of the
difference in haze pollution pattern within the UCL of basin compared to other cities
and various underlying surfaces in Section 3.1. Additionally, we will provide a clearer

explanation of the unique turbulence structure present in the UCL.

6. Fig. 4a should move to method section.
Response: Thank you for your helpful comments. We will move Figure 4a to method

section in the manuscript.

7. The review does not see the necessity of the discussion on the time scale of
turbulence in Sect. 3.2. For one thing, 15-min scales on 20 Jan also contributes
significantly to TKE, but why PM s is less changed?

Response: Thank you for your valuable comments. Figure 18 illustrates the multi-

resolution decomposition (MRD) spectra of TKE in different time scales on January 20.

The MRD allows comparing the TKE contribution from each range of time scales,

especially in the turbulent (smaller) scales. The time series of the PM» s concentration

(white lines) and the total TKE (as the sum of the contribution from all scales up to 30

min, black line) are included in the Figure 18, as well as the filled colors represent the

spectral values of TKE on different time scales. It can be seen from Figure 18 that the
eddy scale significantly contributes to TKE was greater than 15 minutes at 13:00 on

January 20, but the PM2 5 concentration was less changed at this time. When the eddy

scale was less than 15 min at 14:00, the PM» 5 concentration began to decrease. During

the period from 14:00 to 17:00, the eddy scale that significantly contributed to TKE



mainly remained smaller than 15 min, PM> .5 was also on the decline.

These findings, observed on January 20, were consistent with other dates. They
were also consistent with our conclusions that small scale eddies with time scale shorter
than 15 min or even 2 min from 14:00 to 18:00 can efficiently remove fine particle
matters, resulting in the reduction of PM> 5 concentrations.

Finally, thank you again for your comments. we acknowledge this wasn't
sufficiently clear in the original manuscript, and we will supplement these detailed

analyses in Section 3.2.
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Figure 18. Multi-Resolution Decomposition (MRD) spectra of turbulent kinetic energy (TKE) for
January 20 over 30 min time scales. The solid black and white lines represent TKE average values
within 30 min and the PM; 5 concentrations, respectively, and the filled colour denotes the TKE

spectrum values.

8. “Acevedo et al. (2014) found that TKE increased exponentially with the time
scale in the sub-mesoscale motions range. Fig. 3 showed that when the eddy scale
exceeded a certain threshold (e.g., 15 min), the TKE spectral value increased with
the timescale. That suggested the presence of sub-mesoscale motions in this
situation.” Why does this follow logically? At the first place, the increase of TKE
spectral value with timescale does not necessarily indicate the presence of sub-
mesoscales. Secondly, the reviewer does not see the increase of TKE spectral value
in Fig. 3.

Response: Thank you for your helpful comments. Vickers and Mahrt (2006) developed



a multiresolution decomposition (MRD) method to separate the turbulent and sub-
mesoscale motions based on multiresolution co-spectra. Acevedo et al. (2014) also used
the same method to identify the contributions of sub-mesoscale motions to spectra from
six different observation sites. They found that turbulent kinetic energy increased
exponentially with the time scale in the sub-mesoscale range, and the increased rate

was larger under weak turbulence situations (see Figure 19).
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Figure 19. Average TKE spectra for each site and each level, according to legend. (Cited from
Acevedo et al., 2014, Figure 1)

Similarly, we also employed the method developed by Acevedo et al. (2014) to
identify the contributions of sub-mesoscale motions to spectra. And we selected three
specific cases (12th 15:30, 12th 19:00 and 17th 15:00), as illustrated in Figure 20. It
can also be seen from Figure 20 that the sub-mesoscale motions increased exponentially

over their time scale. Although our data was a half-hour average, it aligned with the



average conditions described by Acevedo et al. (2014). A feature observed in the filling
color representation of the TKE spectrum in our study was that when exceeding a
certain time scale (e.g., 15 min), there was a continuous deepening of color became red
as the time scale increased. This trend indicated that the sub-mesoscale motions
increased with the time scale, such as those recorded 12th at both 15:30 and 19:00, as
well as on the 17th at 15:00 (in the white box of Figure 21).

We sincerely apologize for the vagueness, which stemmed from a lack of clarity

in our original manuscript. To address this issue, we will supplement more details in

Section 3.2.
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Figure 20. TKE spectra in the UCL of basin at 15:30,19:00 on the 12th and 15:00 on the 17th.
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Figure 21. Multi-Resolution Decomposition (MRD) spectra of turbulent kinetic energy (TKE) for
Case 1 (January 11-14, 2021, a-d) and Case 2 (January 17-21, 2021, e-i) over 30 min time scales.
The solid black and white lines represent TKE average values within 30 min and the PM 5



concentrations, respectively, and the filled colour denotes the TKE spectrum values. (From
original manuscript Figure3)

9. Consequently, the discussion on \delta KE in Page 13 is of less interests. The
authors should plot spontaneous velocities to see whether sub-mesoscale motions
emerge.

Response: Thank you for your valuable comments. According to the introduction of

existing literatures and the actual observation results in this study, the sub-mesoscale

motions indeed appear in the UCL of basin, and there also exists the energy transition

between sub-mesoscale motions and turbulent motions.

10. Page 14 Lines 2-5: do the authors mean that sub-mesoscales are more efficient in
mixing than turbulence by this sentence?

Response: Thank you for your valuable comments. In fact, turbulent mixing was more

efficient in most cases of our study.

During 00:00-07:00 on January 14, 2021, there was only one case where the sub-
mesoscale motions were relatively stronger, yet it corresponded to a decrease of PMa2 s
concentration. This period was in weak wind conditions with high turbulence
intermittency intensity (wind speed can see from Figure 13). We didn’t assert that sub-
mesoscale motions were more efficient in mixing than turbulence. In fact, turbulent
mixing was more efficient in most other cases (Figure 22). The horizontal wind speeds
and the turbulence intensity at night on other days were lower, while the LIST gradually
increased (such as nights of the 12th and 13th). Which indicated that the short-term
turbulent bursts might break the turbulent barrier of the layer and promote the transfer
and exchange of substances, and leaded to a decrease in PM> s concentrations. In this
particular case (during 00:00-07:00 14th), although the turbulent motions were weaker,
the sub-mesoscale motions could form certain organized coherent structures.
Consequently, we took this case for separate analysis, which implied that coherent sub-

mesoscale structures may also contributes to the removal of PM; 5.
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Figure 22. Time series of (a) PM2.5 concentration, (b) local intermittent strength of turbulence
(LIST), (c) kinetic energy of turbulence (KEw solid red line) and kinetic energy of sub-mesoscale
motion (KEgy solid blue line), and (d) the kinetic energy difference (AKE = KE;,,, — KEsup)
from January 11 to 21, 2021. The gray shading represents night between 19:00 and 07:00 the
following day. (From original manuscript Figure4)

Thanks again for the reviewer's comments. We need to emphasize it in the Page
14 Line 8 of original manuscript that the sub-mesoscale motions are not more efficient
in mixing than turbulence. The details regarding the modifications are as follows:

The added manuscript: But this did not mean that the sub-mesoscale motions
were more efficient in mixing than turbulence motions. It was just that we found a
unique case in this study, which implied that the organized sub-mesoscale motions

would also contribute to the removal of PM3s.

11. Page 14 Lines 5-11: If valid, why LIST increases on 21 Jan, but PM> 5 decreases?
Response: Thank you for your helpful comments. As previously mentioned, the mixing
efficiency of sub-mesoscale motions were lower in most instances. We explain the
influence of the change of LIST over time on PM; s concentration by introducing the
definition and physical significance of LIST here.

With the help of SMT, Ren et al., (2019a, 2019b) proposed the local intermittent

strength of turbulence (LIST) to quantitatively characterize turbulence intermittency



from the perspectives of kinetic energy of turbulence and sub-mesoscale motions. That

is,

1 I 2 1 2 ’ 2
K Eturb = 2 (uturb + Vturb + Wiurp ) (1)
1 ;2 r 2 ;2
KEsub = 2 (usub + Vsub + Wsub ) (2)
— v KEturp
ST = e s ©

where the subscripts turb and sub represent the turbulent and sub-mesoscale parts,
respectively. KEqpb is the kinetic energy of sub-mesoscale motions and KEw is the
turbulent kinetic energy.

LIST characterizes the relative strength of turbulent and sub-mesoscale motions.
Based on the previous understanding of turbulent intermittency, sub-mesoscale motions
drive turbulent intermittency events, and changes in LIST can characterize turbulent
intermittency events. When LIST decreases or maintains a small value, it means there
is a strong influence of sub-mesoscale motions on weak turbulence, which may
correspond to the period with weak fluctuation or even laminar flow in turbulent
intermittency events (term as quiescent period). Alternatively, when LIST is maintained
close to 1, this indicates that there is a very weak or even no influence of sub-mesoscale
motions, which corresponds to pure turbulence. Between these two states, when LIST
increases, this indicates a transition between weak turbulence and pure turbulence,
which may correspond to transient turbulent bursts in turbulent intermittency events.
The entire process of decreasing and increasing LIST to close to 1 corresponds to the
occurrence of a complete turbulent intermittency event.

Our study cases indicated that when the LIST increased, that was, the role of
turbulent motions gradually increased and the intermittency was weaker, this

corresponded to a decrease in PMa s concentration in most instances.

12. Page 15 Line 13: the figure can be shown in the supplementary.
Response: Thank you for your helpful comments. We have selected January 4th to10th
as the representative of clean periods, which shows the same results as in the original

manuscript. Additionally, we plan to intend to supplement Figure 23 in the



supplementary.

Page 15 Line 13 of original manuscript: For the sensible heat flux (Fig. Se and 5f),
during the clean periods (not shown in the figure), the ejections and sweeps (quadrants
1 and 3, black and blue solid lines) dominated throughout most of the day, presenting
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Figure 23. Time series of (a) flux contribution, and (b) time fraction of each quadrant for sensible
heat flux from January 04 to 10, 2021(clean days). The solid black, red, blue, and green lines
represent the results of the quadrants 1, 2, 3, and 4, respectively.

13. Page 16 Line 22: gust is due to the boundary-layer-scale turbulent eddies, not sub-
mesoscale motions.

Response: We sincerely appreciate the reviewer's constructive comments regarding

gust definitions. Given that you mentioned this issue, we deleted the description of gust-

related definition from the original manuscript, but retained the possibility that the sub-

mesoscale motions have some coherence.

The definition of gust may differ across various studies. Some research about the
atmospheric boundary layer and atmospheric turbulence argued that strong winds are
often accompanied by gusts with periods of 3 to 6 min, which are mixtures of low-
frequency infrasonic waves and gravity waves, displaying a distinct coherent structure
(Cheng et al., 2007; Zeng et al., 2010; Li et al., 2022). And gravity waves and low

frequency infrasound are sub-mesoscale motions in the Mahrt’s definition that we



followed. Zeng et al. (2010) further pointed out a correlation coefficient to quantify
gust’s coherence. Similarly, we also calculated the coherence of sub-mesoscale motions.
We referred to this concept to illustrate that sub-mesoscale motions may also form a
certain organizational structure.

Finally, thanks again for your helpful comments. We have deleted the description
of gust-related definition from the original manuscript, but retained the possibility that
the sub-mesoscale motions exhibit some coherence to study the effect of the organized

sub-mesoscale motions on the matter transport in few hours.

14. The results are not well organized.

Response: We sincerely appreciate the reviewer's valuable comments. We realized that
we did not clearly describe that: (1) the definition, the physical mechanism and the
quantitative characterization of turbulence intermittency, (2) the definition and type of
sub-mesoscale motions, and (3) the division basis between sub-mesoscale motions and
turbulent motions in the original manuscript. Accordingly, we will implement
significant improvements in both the introduction and methods sections, and
supplement more detailed descriptions of time points in the sections of analysis and
reorganized the results. These improvements enhance manuscript clarity and enable

readers to directly find each conclusion to its supporting evidence.

15. Page 18 Lines 15-19: The plateau in the pre-multiplied u spectra may be due to
attached eddies.
Response: Thank you for your constructive comments to our study. We would like to
further elucidate the sub-mesoscale motions and turbulent motions on both sides of the
spectrum gap, utilizing classical energy spectrum theory alongside the definition of the
spectrum gap in atmospheric turbulence.
In the traditional turbulence theory, Van der Hoven (1957) presented an analysis
on the large spectrum of horizontal wind speeds, which showed a notable spectral gap
of approximately 1 cycle h™! between the macroscale (synoptic) and microscale

(turbulent) parts of the spectrum (see Figure 24). Many other studies have generally



proven the existence of the spectral gap (Panofsky, 1969; Fiedler and Panofsky, 1970;
Smedman-Hogstrom and Hogstrom, 1975). There exists a gap in the energy spectral,
and the large-scale motion associated with the lower frequency components tends to
increase as frequency decreases. In this case, only the higher frequency part of the
energy spectrum conforms to the classical turbulent energy spectrum model, that is,

the energy-containing range, the inertial subrange, and the dissipation range.
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Figure 24. Horizontal wind-speed spectrum at Brookhaven National Laboratory at about 100-m
height. (Cited from Van der Hoven., 2014, Figure 1)

Additionally, Vickers and Mahrt (2003) suggested that the gap scale is on the order
of a few minutes or less in strong stratification or weak winds conditions. During the
haze pollution periods, the wind speed was generally weak, and the time scale of the
spectral gap was also smaller. Therefore, the low-frequency part of the gap was

considered to be sub-mesoscale motions.

16. Fig. 6a2-d2: Pre-multiplied uw spectrum obeys a -4/3 scaling at small scales,

which is not evident in Fig. 6a2-d2. Can the authors give a reason for this?
Response: Thank you for your valuable comments to our study. We would like to
explain further by the following details why pre-multiplied uw spectra don’t obey
well the -4/3 scaling at small scales.

Firstly, the ordinate of Figure 6a2-d2 of original manuscript was not subjected to



logarithmic processing and normalization (see Figure 25a2-d2). Thus, the power law
relationship could not be discerned. We adopted this processing method to quantify the
magnitude and direction momentum flux transport. This approach used the area sizes
and their corresponding signs under the covariance spectrum to determine these
parameters when either sub-mesoscale or turbulent motions dominated. Specifically,
when the spectral area greater than 0, it indicates - u'w’ > 0, corresponding to
downgradient transport of momentum fluxes.

Subsequently, we performed logarithmic processing and normalization, as
illustrated in the Figure 26. The results reveal that the power law is satisfied at small
scales, however, the -4/3 scaling is not satisfied. The classical atmospheric boundary
layer theories primarily focus on regions with uniform and flat underlying surfaces. In
contrast, the complex underlying surfaces, especially urban aeras, often deviate from
the classical theories (Roth and Oke, 1993; Roth, 2000). The presence of rough
elements within the UCL causes the inertial subrange not follow well the traditional
laws, and also changes in the high frequency small scale region. Which highlights the
necessity of studying the characteristics of turbulence structures in the urban boundary
layer, especially in the UCL.

Finally, we intend to replace Figure 6a2-d2 in original manuscript with Figure
26a2-d2 to show the power law relationship. Additionally, we would like to describe
the magnitude and direction of the momentum fluxes transport when sub-mesoscale

motions or turbulent motions dominate in the manuscript.
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Figure 25. (al—d1) Energy spectra of u, (a2—d2) covariance spectra of uw, (a3—d3) phase spectra
of uw, and (a4—d4) coherence spectra of uw within the UCL of basin. Six time points were
selected to represent the following: (al-a4) 08:00—13:00 on the January 11, 2021, (b1-b4) 16:30
on the January 14, 2021 (solid black line) and 18:00 on the January 12, 2021 (solid blue line); (c1-
c4) 21:30 on the on the January 14, 2021, (d1-d4) 01:30 on the on the January 21, 2021 (solid
black line) and 02:30 on the January 14, 2021 (solid blue line). (From original manuscript Figure
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Figure 26. Normalized covariance spectrum of uw within the UCL

Minor comments:
1. Page 3 Line 4: UCL is urban canopy layer.
Response: We sincerely thank the reviewer for careful reading and careful checks. We

have modified it.



2. Page 12 Line 5: ‘eddy eddies’ should be revised.
Response: We sincerely thank the reviewer for careful reading and careful checks. We

have deleted ‘eddy’.
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