Dear reviewer,

Thanks very much for taking your time to review this manuscript. We really
appreciate all your comments and suggestions! We did our best to respond to each
comment and revise the original manuscript. Details are listed as follows.

The manuscript seeks to investigate the impact of multiscale turbulence structures
within the urban canopy layer (UCL) of a basin city on haze pollution processes, using
field observations from Lanzhou, China. It identifies a typical daily cycle of PMa2s
concentration variations, influenced by small-scale turbulence, sub-mesoscale motions,
and anthropogenic heat sources. The study employs turbulence decomposition
techniques, quadrant analysis, and spectral analysis to understand the complex
interactions between turbulence and haze pollution, with implications for improving
urban air pollution forecasting. The authors highlight how turbulent eddies with
timescales under 15 minutes contribute to pollutant dispersion, while coherent
structures such as thermal plumes influence pollutant transport. Specifically, they
conclude that small-scale turbulent eddies enhance pollutant dispersion and sub-
mesoscale motions contribute to turbulence intermittency. While the manuscript seeks
to address a complex and relevant issue, major concerns have been identified as
discussed in the general and specific points below:

Response: Thank you for your positive and constructive comments to our study. We
were greatly encouraged. We fully agree with your helpful suggestions and have
thoroughly incorporated them into our study, making some supplements to the content.
These changes helped to enhance the reliability and objectivity of our study conclusions.

Details are listed as follows.

General comments:

1. Writing: The writing is at times confusing and/or contradictory. A thorough editing,
looking for typos and unclear sentences, should be done.

Response: Thank you very much for your careful reading and checks. We sincerely

apologize for the confusing and contradictory in our writing. We have fully

acknowledged these problems and carefully reviewed them to prevent their recurrence.



Further details can be found in our replies to the specific comments below.

2. Evidence in support of conclusions: The scientific claims and conclusions are not
well supported by the evidence provided in the results, as detailed in the specific
comments below. A major concern is that the study relies on observational data
from a single monitoring station, which may not adequately capture spatial
variations in turbulence and pollution dynamics across the city. Given only hourly
pollution data are used in the analysis, could other sensors from the city included
to analyze spatio-temporal coherence of the pollution? This limitation makes it
impossible to determine whether the observed features are representative of the
entire urban area, both in terms of pollution and meteorological/turbulence
dynamics. This is a critical issue, given the study's objective of assessing the
influence of multiscale drivers on urban pollution and haze events. For instance,
the analysis lacks sufficient evidence to draw definitive conclusions about the
impact of sub-mesoscale motions on pollutant dispersion.

Response: Thank you so much for your valuable comments and suggestions, your

suggestions are very helpful to our study.

We fully agree with your point that "observational data from a single monitoring
station may not adequately capture spatial variations in turbulence and pollution
dynamics across the city". And we also sincerely appreciate your suggestion that " other
sensors from the city included to analyze spatio-temporal coherence of the pollution".
Therefore, we further analyze the spatio-temporal characteristics of the haze pollution
pattern in Lanzhou Basin city by using the data from China National Environmental
Monitoring Center (available at https://www.cnemc.cn/sssj/), which were collected
from in January 2021 and December 2023 to February 2024.

In Lanzhou Basin city, there are also 4 state-controlled monitoring sites, which
were shown Figure 1. These sites include LLBG (36.10°N,103.63°E), ZGYY
(36.08°N,103.71°E), SWZPS (36.07°N,103.84°E), TLSJY (36.05°N,103.83°E). The
environmental conditions around the monitoring sites were relatively stable to avoid

other effects such as torrential flood and mud-rock flows (Zhao et al., 2017). These



stations utilize automated monitoring equipment to obtain real-time concentration data
of air pollutants (including PMzs) with a time resolution of 1 hour. Firstly, we
conducted a station average analysis of PM3 s concentration data from 4 state-controlled
monitoring sites in January 2021. Then, we compared the results with those from
Lanzhou atmospheric components monitoring superstation (LACMS), which served as
the observation station in our original study, and found that their pattern characteristics
were consistent. Furthermore, we have analyzed the PM> s concentration data from
subsequent observations conducted from December 2023 to February 2024, and the
results have also shown consistency (see Figure 2). In summary, the spatial and
temporal characteristics of Lanzhou Basin city from January 2021 and December 2023
to February 2024 exhibit consistency. During the haze pollution periods, the pattern
characteristics of PM2 5 concentrations were observed as follows: an increase from
08:00-13:00, a decline from 14:00-18:00, a subsequent rise from 19:00-21:00, and a
decrease again from 22:00-07:00 the next day. Thank you again for your constructive
suggestions, which increase the reliability of our study conclusions on the spatio-

temporal characteristics of haze pollution pattern.
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Figure 1. The monitoring sites of air pollutants in urban and rural areas of Lanzhou, Lanzhou
atmospheric components monitoring superstation (LACMS; the observation station in our original
study) is also included, and the observation stations in the urban area are shown in the red box.
(Cited from Zhao et al., 2017, Figure 1)
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Figure 2. The mean diurnal variation of concentrations of PM s, (a) is from LACMS in January
2021, (b) is from City average in January 2021, (c) is from LACMS in December 2023 to
February 2024, and (d) is from City average in December 2023 to February 2024. City average
refers to the data obtained from a station average across 4 state-controlled monitoring sites.

We study the characteristics of the turbulence structures in the UCL of basin. The
UCL height is defined as the average height of rough elements, and the UCL is the most
drastically affected by pollution sources emissions from surface and anthropogenic
activities (Oke et al., 2017). The underlying surface of urban is mainly composed of
rough elements such as buildings and trees. The turbulence data observed by the eddy
covariance system, affected by the highly inhomogeneous distribution of rough
elements, primarily reflect the region dominated by the characteristics of roughness
elements around the site. This scale is generally considered as the street scale (see
Figure 3). Furthermore, we used a flux footprint model (Kljun et al., 2015) to determine
the spatial representativeness of the observed eddy covariance systems on the complex

underlying surfaces of urbans. It can be seen from Figure 4 that the fluxes contribution



in the northeast direction of the observation station is the highest, while the contribution
to the south is minimal due to the dense presence of buildings in that area. The
maximum range of fluxes contributions can reach up to 0.36 km?. Although rough
elements in the UCL exhibit varying distribution characteristics across different regions,
their presence exerts certain common effects on dynamic and thermal turbulence. For
example, significant roughness caused by the canopy and its geometry directly
influences the flow fields (Russell et al., 2016; Zou et al., 2017; Shi et al., 2023), and
the anthropogenic heat and urban canopy storage heat will continuously affect the
regional atmosphere (Li et al., 2021). Existing studies examining the correlation
between turbulence and air pollution in urban area are mainly based on single
monitoring station (Shi et al., 2023; Romén-Cascon et al., 2023). Unfortunately, due to
a lack of dense turbulence observations in Lanzhou city at present, we are unable to
obtain additional turbulence data from that location. In fact, dense turbulence
observations are not that sufficient in any city. However, we can provide extended
observation records from our monitoring site, which further substantiate the generality
of our results, just as you suggested. For specific conclusions regarding this matter,

please refer to the next reply.
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Figure 3. Sketch of the urban boundary layer structure indicating the various (sub)layers and their
names, SVF and W stand for sky view factor and the width of the street canyons. (Cited and
revised from Rotach et al., 2005, Figure 1)



Figure 4. The flux footprint map calculated by the Flux Print Prediction model developed by Kljun
et al. illustrates the contributions of flux, represented by red circles. These contributions range
from 10% to 90%, increasing in increments of 10%, as observed in January 2021.

We are sorry for the unclear description of our research conclusions on the impact
of sub-mesoscale motions on pollutant diffusion. Affected by the highly
inhomogeneous distribution of rough elements within the UCL, the collected high-
frequency turbulent signals are severely contaminated by sub-mesoscale motions
(Anfossi et al., 2005; Vickers and Mahrt, 2006; Mahrt, 2014). 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. Moreover, our
observations have found the non-turbulent feature of “dirty waves” in the UCL. It can
be seen from Figure 5 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 u’, v/, and w’ (i.e., black lines in Figure 5a—c) follow the “dirty
waves” well, which means the sub-mesoscale motions represent as “dirty waves” in the
UCL. This form of expression reflects the characteristics of the complex underlying

surface.
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Figure 5. Time series of original (a) u’, (b) v/, and (c¢) w’ for the selected 30-min segment in the
UCL of basin. The black solid lines represent the fluctuations induced by sub-mesoscale motions.

Our findings indicate that during nighttime, although turbulence intensity
remained still weak, sub-mesoscale motions drove turbulence intermittency events,
facilitating kinetic energy transition from sub-mesoscale to turbulent motions. These
short-term turbulence bursts led to a reduction in PM2.s concentrations. Additionally,
sub-mesoscale motions formed organized coherent structures, also further contributing
to the decrease in PM2 s concentrations. The period, during 00:00-07:00 on January 14,
2021, was in turbulent quiescent period with high turbulence intermittency intensity
and lower wind speeds (see Figure 6), yet it corresponded to a decrease of PMa s
concentration. We further utilized the quadrantal analysis to discuss that the organized
structure formed by the larger-scale sub-mesoscale motions played a positive role in the

dissipation of PM2 s.
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Figure 6. 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.



We have realized that the original analysis lacks sufficient evidence to draw
definitive conclusions about the impact of sub-mesoscale motions on pollutant
dispersion. As pointed out by the first reviewer, we did not clearly articulate the basis
for partitioning between sub-mesoscale motions and turbulent motions and the
definition of the spectral gaps. To solve this problem, we have made corresponding
substantial revisions in both the introduction and methodology sections. Specific
comments No. 12 to 16 below explicitly address these issues related to the sub-
mesoscale motions. We also have made appropriate corrections in response to these
points; further details can be found in our replies to specific comments No. 12 to 16

below.

3. Generalizability of findings: Related to point 2, there are concerns about the
generalizability of the findings to other urban areas or time periods. The study
focuses solely on Lanzhou, making it difficult to extend its conclusions to cities
with different topographies and climates. If data from other locations are not
available, a longer time series of events should be analyzed to ensure statistically
robust conclusions.

Response: Thank you so much for your helpful comments and suggestions. We fully

agree with your suggestions and have thoroughly incorporated them into our study,

making some supplements to the content. The details are as follows.

As mentioned in the second response above, our observation platform is located
in the UCL, where we concentrate on urban microscale meteorological research.
Turbulence data observed in the UCL are significantly affected by sub-mesoscale
motions, resulting in highly complex turbulence structures. Furthermore, the spatial
representation of observed data is mainly on the street scale. Regarding your suggestion
about extending the conclusions drawn from the UCL of the Lanzhou Basin to other
cities with different topographies and climates, we would like to note that turbulence
structures in the urban boundary layer and their impacts on haze pollution events can
vary significantly across cities. The findings of this study regarding pollution process

patterns and the impacts of multi-scale turbulence structures are characteristic of the



UCL in basin cities and exhibit distinct features that differentiate them from those in
plain cities. We compared our research findings from the semi-arid region of Lanzhou
Basin city with those from other cities situated in different topographical and climatic
conditions, such as Beijing and Tianjin, which are located in the temperate monsoon
climate zone. As illustrated in Figure 7, Figure 8 and Figure 9, the haze pollution
patterns observed in the North China Plain differ significantly from those found within
the UCL of Lanzhou Basin. Notably, there is no distinct diurnal variation characteristic.
Figure 9a shows the time series of surface PM» s concentration of Beijing city from 3
November 2017 to 15 January 2018, the PM2 s concentration variation patterns show
distinct ramp-like structures. That is to say, the PM2 s accumulated slowly from the low
level to the high value in approximately 3—4 days, and then decreased rapidly back to
the low concentration. The unique topography of basin more prone to inducing cold
pool events that will result in the formation of stable boundary layer (Lareau et al.,
2013). However, simultaneously, behaviors such as urban heating increase
anthropogenic heat sources and promote the development of an unstable boundary layer.
These two opposite processes will result in different atmospheric turbulence structures,
influencing haze pollution events distinctly, and resulting a distinctive pollution pattern

in the UCL of Lanzhou Basin.
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Figure 7. The PM, s 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 8. 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 9. (a) Time series of surface PM» s concentration of four pollution processes from 3 to 8
November 2017, 29 November to 4 December 2017, 26 to 31 December 2017, and 10 to 15
January 2018; (b) averaged concentration of PM; 5 of the four pollution processes; (c) Time series
of the averaged stability parameter and wind speed of the four pollution processes observed at 15
m on the Beijing 325-m tower. (Cited from Shi et al., 2020, Figure 1, underlying surface of
Beijing city)

Thank you so much for your suggestion that this study needs to analyze longer
time series of events to improve the generalizability of the conclusions. By using the
turbulence and PM2 s concentration observation data of LACMS from December 2023
to January 2024, we further analyzed the characteristics of haze pollution pattern and
turbulence structures in the UCL of Lanzhou Basin in winter (see Figure 2¢ and Figure
10). We can see that the subsequent observations were similar to those of January 2021
(see Figure 11). The turbulent kinetic energy TKE, friction velocity u,, sensible heat
flux H and stability (z-d)/L have obvious diurnal variation characteristics. On the whole,
the TKE and u, in the cleaning period were higher than that in the pollution period
(see Figure 10b and 10c), but the sensible heat flux (H) was larger and the instability

was higher during the pollution period (see Figure 10e). 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
was reduced and the atmospheric stratification was more stable during haze pollution
periods (see Figure 12a and 12e). 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.
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Figure 10. The mean diurnal variation of (a) horizontal wind speed (WS), (b) turbulent kinetic
energy (TKE), (c) friction velocity (u.), (d) temperature (T), () sensible heat flux (H), and (f)
stability parameter ((z-d)/L) under different conditions from LACMS during December 2023 to

January 2024. Solid blue and red lines indicate clean and pollution periods, respectively.
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Figure 11. The mean diurnal variation of (a) concentrations of PM; s, (b) PM, 5/CO, (c) relative
humidity (RH), (d) temperature (T), (¢) 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 Figure 2)
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Figure 12. 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)

Finally, thanks again for your valuable comments and suggestions. We would like



to standardize the expression and supplement the longer time series analysis in the UCL
of Lanzhou Basin city and comparative analysis with other cities in section 3.1. Which

would help ensure that our study conclusions are more reliable and objective.

4. Methods: While the study provides a detailed observational analysis, its
conclusions often rely on visual inspections of metrics and indicators derived from
observational data, lacking robust statistical analyses or objective methods to
distinguish specific dynamics and regimes. Additionally, the absence of a
predictive modeling component limits the study’s ability to test the influence of
various turbulence structures under different conditions. Although the study
highlights human activities as a primary driver of pollution events, it does not
provide a detailed quantification of emissions in space or time, nor does it analyze
their interaction with turbulence structures. It remains unclear whether the
pollution is solely locally produced. A spatial emission map or pollution modeling
would help clarify the sources, drivers, and relevant scales of these events.

Response: Thank you so much for your helpful comments and suggestions. We fully
understand your concerns regarding the objectivity of the methods we employed. We
sincerely apologize for the unclear presentation of our methodology in the introduction
and methods sections. Therefore, we would like to introduce the methods and the
parameters that we employed, the limitation and application of existing predictive
modeling in the UCL, and source emission characteristics of Lanzhou Basin. The
details are as follows.

(1) Classical turbulence statistical parameters
The turbulent statistics parameters such as turbulent kinetic energy (TKE), friction

velocity (u,), sensible heat flux (H), and the local Obukhov length (L) in our manuscript

are widely used in the research of atmospheric turbulence (Stull, 1988; Kaimal &

Finnigan, 1994). Their scientific validity and universality have been fully verified by

decades of theoretical derivation, field observations and numerical simulations.

(2) The basis for distinguishing sub-mesoscale motions and turbulent motions

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 Mabhrt, 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), the latter of which appears to be superior as it is
fully data-driven. 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 13), 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 14. Furthermore, Ren et al. (2023a) 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'w + s'sub, represent turbulent motion and sub-mesoscale motions

respectively.
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Figure 13. Second-order Hilbert spectra of three wind speed components U (a), V (b), and W (c) at
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 14. 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)

(3) Quantitative characterization of turbulence intermittency

SMT can effectually quantitative characterization of sub-mesoscale motions, Ren


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

et al. (2019a, 2019b) proposed 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.

Furthermore, Ren et al. (2025) selected six methods from various perspectives to
compare in this recent review. 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., 2023a), 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., 2019a; Ju et al., 2022; Zhang
et al., 2022).

(4) The limitation and application of prediction model in UCL

Based on the research methodologies employed, studies on urban surface layer can
be broadly categorized into two primary approaches: numerical simulations and
observational experimentations.

Traditional studies based on large eddy simulation (LES) have primarily focused
on idealized atmospheric boundary layer conditions. In recent years, LES has been
coupled with various microphysical processes, radiative processes, land surface models,
chemical models, and has also been nested within mesoscale models. However, due to
the complexity of boundary conditions setting, the existing LES methods still have
some limitations in the numerical simulation of real urban underlying surfaces.
Particularly in the numerical simulation of the UCL, accurately characterizing the
disturbance effects of geometric features such as buildings on flow has emerged as a
key scientific challenge. Moreover, the non-stationary and nonlinear turbulence
phenomena investigated in this study, including sub-mesoscale motions and turbulence
intermittency, are beyond the description scope of classical turbulence theories. For
instance, Monin-Obukhov similarity theory is inapplicable (Roth and Oke, 1993; Roth,
2000; Zou et al., 2018), and the basic assumptions employed in the subgrid scales (SGS)



within LES, such as the statistical homogeneity of the horizontal dimensions and the
applicability of Kolmogorov’s theories to the subgrid range of eddies, are invalid (Shah
and Bou-Zeid, 2014). Therefore, widely used numerical models such as WRF-LES
currently have limitations in simulating the complex multi-scale turbulence processes
within the UCL.

Observation experiment is the most direct and effective method to understand the
processes of atmospheric motions. They can directly obtain urban meteorological
parameters and reveal the basic laws of atmospheric motions, providing a basis for
numerical simulations and theoretical analyses. In the urban microscale meteorological
research, a variety of experimental observation methods are used to analyze the wind
and thermal environment as well as the flows in turbulent boundary layer, including
field observations (Roth, 2000; Zou et al., 2017), reduced-scale physical modeling and
outdoor measurements (Ahmad et al., 2005; Hang and Chen, 2022) and wind tunnel
experiment (Raupach et al., 1980; Mo and Liu, 2023). Wind tunnel experiment is an
effective means to study the physical mechanism behind atmospheric processes, which
can be used to study the atmospheric motion in the near strata of cities under controlled
external environment. However, due to the nature of simulation experiments, the
external environment, such as solar radiation, large-scale atmospheric motion, and
thermal inhomogeneity of the underlying surface, differs from real conditions.
Consequently, accurately simulating urban near-surface laminar flow dynamics proves
challenging, and only some physical processes can be analyzed. In contrast, field
observation research has significant advantages in terms of objectivity and reliability.
Compared with the flat natural underlying surfaces, there are relatively few studies on
the turbulent structures in the UCL, and the mechanisms of their influence on haze
pollution remain unclear. The studies of high-precision observations in the UCL of the
basin are of great significance to improve the numerical simulations. How does the
complicated multi-scale turbulent structures within the UCL of basin influence the
occurrence and evolution of haze pollution events? This scientific question is of great
significance for understanding the development and variation of the urban boundary

layer as well as for improving urban air pollution forecasting.



However, your suggestion remains very important. We have attempted to
incorporate the footprint model into the analysis of this study. Figure 4 and the related
analysis will be included in the revised manuscript.

(5) Source emission characteristics

Existing relevant literatures have pointed out that the pollutants in the Lanzhou
Basin city during winter were primarily local emission (Xu et al., 2016; Zhao et al.,
2017). Higher concentration values associated with lower wind speeds can indicate
local emissions, while higher concentration values corresponded to higher wind speeds
can indicate regional transmission. To investigate whether the pollution is mainly
locally produced, we analyzed the bivariate polar graph of the wind direction and wind
speed changes of PM2 s in January 2021(see Figure 15). During both clean and polluted
periods in our study, lower wind speeds were associated with higher PMas
concentrations, which proved that pollutants were mainly locally produced.
Furthermore, the vertical profiles of acrosols (see Figure 16) showed that the aerosol
extinction coefficient decreased with increasing height, with its maximum value
concentrated below 400 m near ground level. Due to the relatively enclosed topography
of the basin, pollutants tended to accumulate at its bottom. This characteristic of vertical
distribution further proved that pollutants in the Lanzhou Basin city are less influenced
by regional transport and are mainly emitted or produced locally. Additionally, we also
utilized the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT;
Draxler and Rolph, 2003; Wang et al., 2014) model to illustrate the location of pollution
source of Lanzhou Basin during January 2021. It can be seen from Figure 17 that the
local air flow (C1) accounted for 52.96%, and the potential sources of PM»s were
mainly concentrated around Lanzhou Basin, which also indicated that Lanzhou Basin

was greatly influenced by local pollution sources during winter.
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Figure 15. Bivariate polar plot of near-surface PM, s concentrations (color) as a function of wind
speed (distance from the center) and wind direction under clean and polluted conditions in January
2021.
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Figure 16. Time series of aerosol extinction coefficient profiles from Case 1 (January 11-14,
2021) and Case 2 (January 17-21, 2021). (From original manuscript Figure 5)
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Figure 17. 72-hour backward trajectories and Potential Source Contribution Function (PSCF)
values for PM» s at 100 meters above the Lanzhou Basin floor in January 2021. The black lines
represent the clusters of backward trajectories, while the colored shading indicates the magnitude




of the PSCF.

Finally, we highly value the important suggestions you have provided and will
make substantial revisions in the introduction, methodology, and results analysis. For
example, the combined pollution modeling you suggested, we also have employed both
HYSPLIT and footprint model for further analysis. Additionally, we would like to
supplement the manuscript with Figure 4 and Figure 17, along with their corresponding

analytical results, to further substantiate the conclusions presented in our study.

Specific comments:

1. Page 2, line 6: The term "basin cities" should be clearly defined, along with an
explanation of why the analyzed city, Lanzhou, fits this definition. Providing this
context is essential for identifying other regions that may experience similar
pollution regimes and atmospheric dynamics.

Response: Thank you for your helpful suggestion that we should include a clear

definition of "basin city" and explain why Lanzhou fits this definition in the manuscript.

We fully agree with you that providing this context is essential for identifying other

regions that may experience similar pollution regimes and atmospheric dynamics. The

detailed supplementary is as follows.

Basin cities are defined as urban settlements that have developed within basin
topographies. These cities typically exhibit several distinctive characteristics: the
relative elevation difference between the basin floor and the surrounding mountains or
highlands often exceeds 200 meters, the terrain is notably enclosed, and population
density tends to be relatively high. Lanzhou, located in a long valley runs mainly from
the east to the west with a length of about 30 km, maximum width of 8 km, and depth
of 200600 m (Figure 18), was a typical valley city in a semi-arid region with a
population of approximately 4.415 million (Chu et al., 2008; Zhao et al., 2017; Zhao et
al., 2019; Zhang et al., 2024).
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Figure 18. Terrain height (km) near the Lanzhou Basin. (Cited from Zhang et al., 2024, Figure 1a)

2. Page 2, line 17: turbulence is not the only drivers of pollution dispersion. Please
check through the manuscript as several oversimplified claims are made.
Response: Thank you for your valuable comment. We have checked through the
manuscript and modified it. The modified version is as follows:
Turbulence plays an important role in regulating the transport and mixing of air

pollutants within the ABL.

3. Page 3, line 4: UCL is defined in the abstract as urban canopy layer, which justifies
the acronym. However here and through the text UCL stands for urban boundary
layer, so maybe the acronym should be revised and/or used consistently through
the text.

Response: We sincerely thank you for your careful reading and checks. We have

modified it.

4. Page 3, line 6 and 8: no need to cite twice Oke, 1987.

Response: We sincerely thank you for your careful reading and constructive comments.

We have removed the first “Oke, 1987”.

5. Page 3, line 11-14: this statement is not necessarily always true. More context for

such claims is needed.



Response: Thank you for your valuable comment. We have revised the lines 11-14 on
page 3 to enhance the objectivity and clarity of our statement more. And the modified
version is as follows:

The modified version: Moreover, many kinds of urban construction consume
immense amounts of energy, and consumed energy is finally converted to
anthropogenic heat, continuously affecting the regional atmosphere (Li et al., 2021).
The observational results have portrayed the positive nighttime sensible heat flux in the
lower layer (Shi et al., 2019; Zou et al., 2017), indicating the great influences caused

by anthropogenic heat in the UCL in winter.

6. Page 5, line 4: it is not clear what the frequency of the observations is. For PM s
an hourly resolution is mentioned, while for the meteorological/turbulence data no
information is provided. Also, the turbulence analyses seem to be done at 30 min
resolution, which opens questions about their actual representation of turbulence
processes.

Response: Thank you for your careful reading and helpful comment. We are sorry that

we did not clarify the details of meteorological and turbulence data in the original

manuscript. And, we would like to add the detailed information of the observed

elements in the Section 2.1 and present them visually in Table 1.

The Vaisala RS41 radiosondes (Vaisala Oyj Inc., Finland) were launched at 02:00,
08:00, 11:00, 14:00, 17:00, and 20:00 BJT (BJT=UTC + 8 h) from the LACMS. Which
observed the meteorological elements profiles of vertical atmospheric column,
including wind speed and temperature with a high resolution of 5~7 m. The Micro-Pulse
Lidar (MiniMPL, Sigma Space Inc., USA) provided a row backscattered signal at 532
nm with temporal and vertical resolutions of 15 min and 30 m, respectively, and a blind
zone of 100 m. And aerosol extinction coefficient profiles were derived using the
Fernald method and a simulated annealing algorithm (Fernald, 1984; Press et al., 1993).
Observational data are presented in Table 1.

The raw turbulence datasets were sampled at 10 Hz, and pre-processed using Eddy

Pro software (Advanced mode, V version 6.2.1, LI-COR Biosciences, Inc., USA). The



pre-processing procedures included exceptional point deletion, error flags, quadratic

coordinate rotation, and detrending. Following existed turbulence researches (Foken et

al., 2006; Jacobs et al., 2001; Shi et al., 2020), we used 30 min as the average time,

which can effectively reduce random errors in turbulence data, capture turbulent

characteristics and maintaining statistical reliability. Subsequently, conventional

statistical parameters were calculated, including wind speed (WS), wind direction

(WD), temperature (T), turbulent kinetic energy (TKE), friction velocity (uw,), and

sensible heat flux (H), among others.

Table 1. Detailed description of observation data information.

. Instruments Resolution and
Site Date Types .
(Models, Company, and Countries) Accuracy
Turbulence data
Sonic temperature (0: K), .
. . 3D-sonic anemometer
horizontal and vertical o 10 Hz
. (CSAT-3B, Campbell Scientific Inc., USA)
velocity components (u,
vV, Ww: ms)
Particulate matter synchronous mixing
PM2s .
3 monitor 1h
(ng m™) . .
(5030i SHARP, Thermo Fisher, USA)
LACMS .
Online gas analyzer
36.05N, CO . . ) . s
( 2 (484, respectively; Thermo Fisher Scientific, 1h
mg m
103.87E, g USA)
1.55 km .
Meteorological sensors
a.s.l. RH (%) . 1h
(FWES00, FRT, China)
Meteorological 5~7m

parameters profiles
T (°C), RH (%),

WS (ms™), WD (9
Profiles of row

backscattered signal at

532 nm

RS41 Radiosonde
('Vaisala Qyj Inc., Finland)

Micro Pulse Lidar
(Sigma, USA)

02:00, 08:00, 11:00,
14:00, 17:00 and
20:00
bland 100 m
15 min
30m

7. Page9, line 20: how is haze defined? Is it just based on pollution concentration?

Response: Thank you for your careful reading and valuable comment. We are sorry

that we did not clarify the definition of haze. Therefore, we plan to add the clearer

definition in the manuscript. And the detailed supplementary is as follows.



In haze pollution studies, PM2 s is recognized as the primary pollutant. Our study
used National Ambient Air Quality Standards (NAAQS) of China (Ministry of
Environmental Protection, 2012) to determine haze pollution events, specifically
according to the secondary standard threshold (24-hour average PM s concentration of
75 ug m) since our study area primarily falls under Category II functional zones (urban
residential, commercial and industrial areas). Based on this standard, the daily average
concentration of PMa 5 observed from LACMS exceeded 75 pug m™ on January 2, 12-
13, 18, and 20-22, 2021, indicating that air quality reached pollution levels.

8. Page 10, line 2: please rephrase “temperature supposed the development...”
Response: Thank you for your careful reading and helpful suggestion. We have
modified it in the manuscript. The modified version is as follows:

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 the increase of near-surface temperature would enhance turbulent mixing, thus

promoting the development of unstable stratification (Deardorff, 1970; Gao et al., 2016).

9. Page 10, line 10-14: please rephrase, this section is not clear. Also this sentence
seems to contradict what was just said above that higher turbulence was present
during clear sky periods.

Response: Thank you for your careful reading and constructive comment. We sincerely

apologize for the unclear expressions in the original manuscript and we would like to

correct them more clearly. The modified version is as follows.

Turbulent kinetic energy (TKE), friction velocity (u,), sensible heat flux (H) and
local atmospheric stability parameter ((z-d)/L) exhibited obvious diurnal variation, with
larger absolute values observed from 12:00-18:00 (Figure 19f-191). Overall, TKE and
u, were higher during the clean periods than the haze pollution periods, whereas H was
grater and atmospheric instability was stronger during the pollution period (12:00-
18:00). Previous researches have generally found that H in the urban boundary layer

was smaller and the atmospheric stratification was more stable during the pollution



periods, which were unfavorable for pollutant dispersion (Ren et al., 2019a; Wang et
al., 2020). In contrast, our results demonstrate that within the UCL of basin,
atmospheric stratification remained predominantly unstable during pollution periods.
This phenomenon might relate to the release of anthropogenic heat and urban canopy
storage heat, which is a special phenomenon in UCL of a basin city. In summary,
compared to the average turbulent conditions during the clean periods, the dynamic
turbulent effect was weaker, while the thermal effect was stronger during the haze
pollution periods in the UCL of basin. Both dynamic and thermal turbulence had
complied influence on the evolution of haze pollution processes. Next, we would
further analyze the specific details of these two pollution cases from the multi-scale
turbulence, explore the causes of this pollution pattern in Lanzhou Basin, and how this
turbulent transport condition, which was distinguished from most studies, contributed

to haze pollution.
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Figure 19. The mean diurnal variation of (a) concentrations of PM; 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 Figure 2)



10. Figure 3: The authors claim that low PM2 s concentrations coincide with TKE peaks.
However, it is hard to establish a causal relationship, as similar low PMa3s
concentrations are observed through the analyzed events and no TKE peak was
observed. Extending the analysis to longer time periods and multiple events may
help generalize the conclusions and build more robust statistics. The relationship
between TKE and PM2 s can not be based solely on the visual inspection of a time
series, such as the one presented in Figure 3.

Response: Thank you for your valuable comment. We sincerely apologize for the

vagueness in our original description.

The atmospheric turbulence within the UCL is characterized by strong non-
stationarity and inhomogeneity, and these turbulence structures exhibit multi-scale
properties (Roman-Cascon et al., 2023). Our focus is on how complex multi-scale
turbulent structures in the UCL influence the occurrence and evolution of haze pollution
events. And, from the haze pollution cases we analyzed, it can be seen that low PM2 s
concentration is related to the value of TKE, ae well as also to the multi-scale turbulent
structures that contribute to TKE. The time series relationship between PMa s
concentrations and TKE values is presented in Figure 21 below. It can be observed that
low PM2s concentrations did not exactly coincide with TKE peaks. In detail, multi-
resolution decomposition (MRD) analysis further revealed that the small-scale eddies
with timescales of less than 2 min contributed significantly to TKE during the strong
turbulence period (red box in Figure 20d), whereas during the weak turbulence period
(TKE < 1 m? s72), the large-scale eddies with timescales longer than 15 min generally
contributed more to TKE. The periods from 14:00 to 18:00 corresponded to the
dissipation phase of PM s, with larger decreases in PM» s concentrations on January
14th, 19th, and 21st, 2021. The yellow boxes in Figure 20g and Figure 201 showed that
the turbulent eddies with timescales shorter than 15 min contributed significantly to
TKE. In summary, the contribution of small-scale turbulent eddies with timescales
shorter than 2 min to TKE was greater than that of large-scale eddy eddies with
timescales longer than 15 min during the pollution periods. From 14:00-18:00, small-

scale eddy eddies with timescales shorter than 15 min or even 2 min can efficiently



remove the fine particle matters, resulting in the reduction of PM2 5 concentrations.
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Figure 20. 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> s
concentrations, respectively, and the filled colours denote the TKE spectrum values. (From

original manuscript Figure 3)

11. Page 13, line 5: Why use KE instead of TKE?
Response: Thank you for your valuable comment.

Our observation platform was located in the UCL, characterized by a highly
inhomogeneous distribution of rough elements. Affected by the complex underlying
surface of the urban, the collected high-frequency turbulent signals are severely
contaminated by sub-mesoscale motions (Anfossi et al., 2005; Vickers and Mahrt, 2006;
Mabhrt, 2014). In order to quantitatively characterize the sub-mesoscale motions in the
original signals, Ren et al. (2019a, 2023a) developed an algorithm based on the Hilbert—
Huang transform (HHT) to separate and reconstruct sub-mesoscale and turbulent
motions (SMT). And turbulent variable can be separated into two parts by SMT
algorithm, that is, s" = s'wn + s'sw, represent turbulent motions and sub-mesoscale
motions respectively.

TKE represents the turbulent kinetic energy, which is calculated by the original

pulsation data. While KEw denotes the kinetic energy of pure turbulent motions, and



KEswp refers the kinetic energy of sub-mesoscale motions. Additionally, we can
calculate the difference in kinetic energy (AKE) between the kinetic energy of
turbulence and sub-mesoscale motions as well as the local intermittent strength of
turbulence (LIST). These detailed parameters can be utilized to further study the
impacts of changes in turbulent and sub-mesoscale motions, as well as the influence of
turbulence intermittency intensity, on variations in PMas concentrations. Detailed

calculations are provided below:

TKE = = (w7 + 172 + W) ©)
1 1 2 i 2 I 2

KEturb = 2 (uturb + Veurb + Weurp ) (2)
1 ;2 ;2 r 2

KEgqp = 2 (usub t Vo T Woup ) ®)

AKE = KErp — KEsup (4)

LIST = —YKEeurb (5)

VKEturb+KEsyp

12. Page 13: the entire page is difficult to follow and more work is needed to generalize
mechanisms and findings. Currently results are presented as a series of
observations without a clear explanation of what’s happening.

Response: Thank you for your valuable comment and suggestion to our study. We have

revised this part and further explained the mechanism of energy transition in

intermittent turbulence event from the perspective of turbulence fluctuation change
with time through a case. The revised version is as follows.

From Figure 21b, 21c, and 21d (yellow arrows), it can be observed that between
08:00 and 13:00, LIST, KEwb and AKE were decreasing, while KEsu, was increasing.
This suggested that the energy of the small-scale mechanical turbulence was dissipating,
the influence of the sub-mesoscale motions was relatively increasing, and the value of
LIST was decreasing gradually. According to the previous MRD analysis, the large-
scale turbulent eddies with timescales longer than 15 min were disturbed by the sub-
mesoscale motions. During these periods, the intensity of turbulence intermittency was

stronger, coupled with the increase in primary source emission intensity, leading to the



PMb> s concentrations gradually rose. Subsequently, at 14:00-18:00 due to the increase
in wind speed and buoyancy, wind shear caused by flow through rough elements and
buoyancy convection provided the energy sources. Entering the turbulence burst
periods, the turbulence effect gradually intensified (red arrow), with the turbulence
intensity reaching maximum, resulting in a corresponding decrease in PMays
concentrations. At 19:00-22:00 the turbulence intensity weakened and AKE rapidly
decreased or even AKE <0 (green arrow in Figure 21d). Combined with the increase
of primary emission, caused PM2s concentrations rose again.

Ren et al. (2023b) indicated that a sharp reduction of kinetic energy of turbulent
contributed to the enhancement of the turbulent barrier effect, and the energy transition
of sub-mesoscale to turbulent motions triggered the breaking of turbulent barrier. After
AKE <0, the turbulent barrier tended to be broken, followed by a significant increase

in AKE. In the two haze pollution cases analysed in this study, the wind speed threshold
of turbulence intensity (Vygxg = [(%) (62 + a2 + a2)Y 2]) was determined as 0.75 m s~

! (Figure 22) according to the method of Sun et al. (2012). At night (19:00-07:00 the
next day), the wind speeds were below 0.75 m s, and the turbulence intensity was
lower, which belonged to regime 1 as Sun et al. (2012) suggested. Intermittency
turbulent events were driven by sub-mesoscale motions. At 19:00-22:00 (green arrow
in Figure 21d), there was a point where AKE < 0, which was quickly followed by a
significant increase in AKE in the subsequent short period. The phenomenon of energy
transfer from sub-mesoscale to turbulence motions occurred, corresponding to the
increasing KEw:b and decreasing KEgub. Therefore, the horizontal wind speeds and the
turbulence intensity at night were lower, while the LIST gradually increased. These
short-term turbulent bursts might break the turbulent barrier of the layer and promote
the transfer and exchange of substances, which leaded to a decrease in PMus
concentrations.

We selected an hour period from 23:30 on January 12 to 00:30 on January 13 as a
typical case to analyze the intermittent turbulence event. Compared with the previous

half hour, the kinetic energy of turbulent motions (KEw:) exhibited a sudden increase



from 00:00 to 00:30 on the 13th, with the average KEws rising from 0.053 m? s to
0.448 m? s2. Meanwhile the kinetic energy of sub-mesoscale motions (KEsu) decreased
and approached zero (see Figure 23b). This phenomenon corresponded to the burst
period in turbulent intermittent event, during which the LIST value began to rise.
During the burst period, the mean turbulent momentum fluxes (—u'w’) increased from
about 0.004 m? s to 0.058 m? s? (see Figure 23a). The synchronous inverse change
between the energy of the sub-mesoscale motions and the turbulent motions indicates
that the energy transition may occur. Specifically, the energy transition of the sub-
mesoscale motions to the turbulent motions drives the short-term turbulence bursts.
During 00:00-07:00 on January 14, 2021, the horizontal wind speeds were lower,
LIST, AKE and KEwuw continuously decreased (blue arrows in Figure 21b, 21c and
21d). This period was in the turbulent quiescent period with high turbulence
intermittency intensity, yet it corresponded to a decrease of PM> 5 concentration. The
scavenging effect of the sub-mesoscale motions required further attention, which would
be discussed in the following sections. Overall, turbulence intermittency within the
UCL also significantly affected the development of haze pollution, in agreement with
other studies in the near-surface layers of urban (Ren et al., 2019a) and relatively flat

area (Li et al., 2023).

140 7y T T T T T T T T T T

m™>)

=

PM, s(hg-m
~
=
i




Figure 21. Time series of (a) PM2s concentration, (b) local intermittent strength of turbulence

(LIST), (c) kinetic energy of turbulence (KEwm solid red line) and kinetic energy of sub-mesoscale

motion (KEsy 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 Figure 4)
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Figure 22. The relationship between turbulence intensity (Vtke) and wind speed, along with three
regimes and three types identified of LACMS during January 11-14 and 17-21, 2021, based on
the definition by Sun et al. (2012) (From original supplement Figure 2)

'™ T Turb —-Sub ' '
:% 0 T i | [
P
=
1 ] ! ] | 1
b) T T T T
o 4 &
N?’ -1 N?
E )
= T H
* ok D ot *
| ! ‘ " .'l‘ q o 8 ‘Au. NG B N “‘.1“‘,}..“_; WY ‘ i LLIEI.JMUIJL :\ ..Hl-.slrl‘.h'll.fzjq 1\'-...[%?!!1L.ur.m..l.l.“l-“i‘.;.,..z. 0
12-23:30 12-23:40 12-23:50 13-00:00 13-00:10 13-00:20

Figure 23. Time series of (a) v, (b) u'w’, and (c) kinetic energy of turbulent motions (KEw) and
sub-mesoscale motions (KEqs) from January 11 to 21, 2021 From 23:30 on January12, 2021, to
00:30 on January 13, 2021.

13. Figure 4: what are the yellow and green arrows?

Response: Thank you for your valuable comment. We sincerely apologize for not
clearly articulating the meanings of the different colors of arrows in Figure 4 of the
original manuscript. We intend to describe clearly the meaning of these arrows in the

manuscript.

In Figure 21b-21d of original manuscript, downward trends indicated by yellow



arrows are observed, representing the gradual intensification of turbulence
intermittency from 08:00 to 13:00. This suggests that the energy of turbulent motions
was dissipating, while the influence of sub-mesoscale motions was relatively increasing.
Numerical results show that LIST, KEwm, and KE decrease, whereas KEg,, increases.
Several green arrows in Figure 21d indicate that AKE gradually decreases and even
falls below zero between 19:00 and 22:00. Following this, a significant short-term
increase in AKE corresponds to a decline in PMa2s concentrations. During these
processes, the kinetic energy of turbulence (KEwm) continues to rise, while the kinetic
energy of sub-mesoscale motions (KEsu) diminishes, indicating an energy transfer
from sub-mesoscale to turbulent motions. These short-term turbulent bursts might break
the turbulent barrier of the layer and promote the transfer and exchange of substances,
which leaded to a decrease in PM2 5 concentrations.

Finally, the detailed analysis and case-specific illustrations will be added to the
main text. Figure 23 here will also be included in the supplementary figures for readers

to examine the details.

14. Figure 5 and quadrant analysis: this section needs to be revised as it’s not clear

what the key outcome of this analysis is and how conclusions are supported/drawn.
Response: Thank you for your valuable comments to our study. We are sincerely sorry
that we did not clearly state the key outcome of the analysis and how the conclusions
were supported. Therefore, we have made the following revises to this section.

Although the development of turbulent vortices in the UCL was constrained by
rough elements, thermal turbulence might still have some coherent structures that
affected the transport and diffusion of fine particulate matters. We further utilized the
quadrant analysis to examine the influence turbulent coherent structures within the UCL
on the momentum fluxes and sensible heat fluxes transport. The turbulent coherent
structures mainly consist of ejections and sweeps (Li and Bou-Zeid, 2011), and different
topology of turbulent coherent structures can be identified based on the characteristics
of the difference in the flux contribution and time fraction of ejections and sweeps.

The downgradient transport of momentum fluxes predominantly occurred from



14:00-18:00 (shaded gray in Figure 24b and 24h), with the sweeps (quadrant 4, solid
green line) dominating the transport of momentum fluxes, whereas the outward
interactions and inward interactions motions (quadrants 1 and 3, solid black and blue
lines) dominated the counter-gradient transport of momentum fluxes in most of the
other time periods. For the sensible heat flux (Figure 24c and 24i), during the clean
periods (such as January 15th), the ejections and sweeps (quadrants 1 and 3, solid black
and blue lines) dominated throughout most of the day, presenting w'6’ > 0. Only
occasionally at night or early morning, presenting w'8’ < 0. the ejections and sweeps
(quadrants 2 and 4, solid red and green lines) dominated or four quadrants contributed
equally. The phenomenon of w’8’ <0 occurred occasionally during the night or early
morning, characterized by the dominance of ejections and sweeps (quadrants 2 and 4,
indicated by solid red and green lines) or by equal contributions from all four quadrants.
While during polluted periods, this situation (w’68’ < 0) was more common at night or
early morning, because stable boundary layer was more likely to occur at night or early
morning when there was pollution. However, the phenomenon of w'8’ > 0 still
dominated during the daytime. In summary, the presence of the UCL disrupted the
downward transport of momentum, and the release outward from the urban heat storage
during the night time likely resulted in a positive sensible heat flux, which are consistent
with other studies (Zou et al., 2017; Shi et al., 2019).

The coherent structures of turbulent contributed significantly to the development
of the boundary layer above UCL and the pollutants transport. As shown by the gray
shadow in Figure 24c and 241 the flux contributions of ejections (quadrant 1, solid black
line) were greater than sweeps (quadrant 3, solid blue line) from 10:00 to 13:00, while
the time fraction (see Figure 24d and 24j) of ejections (quadrant 1, solid black line)
were smaller than sweeps (quadrant 3, solid blue line). That was, less but intense
updrafts surrounded by numerous but weak downdrafts, which was well consistent with
the behaviour of thermal plumes (Stull, 1988). Maitani and Ohtaki (1987) pointed out
that the ejections are more efficient than sweeps in transporting heat under unstable
conditions. The presence of thermal plumes during pollution periods was slightly more

than during clean periods, which enhanced the transportation efficiency of sensible heat



flux. That further explained why the sensible heat flux was greater between 12:00 and
18:00 during the pollution periods. In addition, the effective transport of sensible heat
flux by the thermal plumes promoted the elevation of the atmospheric boundary layer
in the afternoon. As shown in the temperature profiles (Figure 25a and 25c¢), the
temperature inversion layer weakened or disappeared between 11:00 and 17:00, and the
fine particulate matters could further diffuse upward into the atmosphere. It was also
evident that the aerosol extinction coefficient was higher at the same height during the
pollution period (10:00 to 13:00), with the extinction coefficient profiles showing an
"up-convex" shape (Figure 24a and 24g). In this study, the concentration of fine
particulate matters generally decreased with height (Figure 24a and 24g). At 14:00-
18:00, sweeps simultaneously transferred momentum flux and sensible heat flux, and
also transported cleaner air from the upper part of the canopy downward to the interior
of UCL. During this period, the turbulence intensity in the UCL was high, leading to
clean air transported downward mix with the fine particulate matters, thus reducing the
PM: s concentrations in the near-surface. Similarly, it can be seen from Figure 24a and
24g that the peak value of extinction coefficient profiles gradually decreased during
14:00-18:00. However, the extinction coefficient contour at 14:00-18:00 on January 13,
2021 (white box) showed a peak at 400 m and a break at 200 m above the ground.
Further analysis of the wind speed profiles during this period revealed that the wind
speeds below 500 m were less than 1 m s™! (Figure 25b), indicating weak diffusion and
limiting the vertical extent of the sweeps effect.

In addition to the coherent structure formed by turbulent motions, sub-mesoscale
motions could also exhibit organization and coherence. The previous analysis indicated
that the turbulent eddies within the UCL were broken and susceptible to the influence
of sub-mesoscale motions, which could trigger turbulent intermittency events under the
weak turbulent conditions. These sub-mesoscale motions also form organized coherent
structures that affect the pollution processes. Analogous to the analysis method for
coherent structures in turbulence, Figure 24e and 24k display the correlation coefficient
Rsup for the sub-mesoscale motions, and Figure 24f and 241 display the flux contribution

difference AS for the sub-mesoscale motions. Section 3.2 discussed the analysis of



turbulence intermittency from 00:00 to 07:00 on January 14, 2021, where strong
turbulence intermittency and weak turbulence intensity were observed, but this period
was associated with a decrease in PM2 5 concentrations. From Figure 24e and 24f, Rqub
and AS > 0 (gray shading) during 00:00 to 07:00 on January 14, 2021, indicated that
the sub-mesoscale motions in this period were dominated by downward motion (i.e.,
Wi < 0 and ug,;, < 0). When wg,, <0 and ug,, < 0, the relatively clean air
outside the UCL or the upper basin was transported downward, which diluted the fine
particle matters in the UCL. As shown in the aerosol extinction coefficient profiles (red
arrow in Figure 24a), the zero-contour line of the extinction coefficient gradually
extended to the lower part of basin over time from 00:00 to 07:00 on January 14, 2021.
Although the turbulence intermittency was strong and the turbulent diffusion ability
was weak at this time, the organized structure formed by the larger-scale sub-mesoscale
motions played a positive role in the dissipation of PMas. In other pollution periods,
the coherence of sub-mesoscale motions was also greater than 0 between 23:00 and to
07:00 the next day. Despite weak dynamic turbulence intermittency during this time,
these organized sub-mesoscale motions might also have contributed to PM» s removal.
For example, when wy,, >0 and ug,;, >0 (gray shadows on January 12th in Figure
24f, 18th and 20th in Figure 241), PM2s with higher concentration in the UCL was
transported upward and subsequently removed more easily with the help of stronger

airflow above the canopy, resulting in a decrease in PM» s concentrations.



Case 1: January 11-14, 2021

Height (Km)
= -
-

co

©

3 ‘\VAM,AMMV/\JV%MWW '\f’"\vf\wﬂfv\ AWM N\'NWI\,MMM I~

WA

1 1
-1

0.3

a{luﬁ»#wmmmnwpﬁ,rmﬁw HMJ-J-&

11 12

Case 2: January 17-21, 2021
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Figure 24. Time series of (a,g) aerosol extinction coefficient profiles, (b,h) flux contribution of
each quadrant for momentum, (c,i) flux contribution of each quadrant for sensible heat, (d,j) time
fraction of each quadrant for sensible heat flux, (e,k) correlation coefficient of sub-mesoscale



motions (Rsu), (f,1) flux contribution of sub-mesoscale difference between the downward and
upward motion (AS) from January 11-15, 2021, (top panels) and January 17-21, 2021, (bottom
panels). The solid black, red, blue, and green lines represent the results of the quadrants 1, 2, 3,
and 4, respectively. (From original manuscript Figure 5)
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Figure 25. Temperature (a, c) and wind speed (b, d) profiles of LACMS on January 13 (a, b) and

January 14 (c, d), 2021. Since wind speeds were low throughout January 13, a successive 2 m s™!

offset was applied to each wind speed profile to enhance visual distinction (no offset for the first
profile, accumulating to +10 m s™! for the sixth) (From original supplement Figure 3)

15. Page 18: from the title of section 3.4 and through the manuscript it is not very clear
where the multi-scale component of turbulence comes from, how it is diagnosed
and what is causing that.

Response: Thank you for your valuable and constructive comments to our study. We
sincerely apologize for the vagueness about the multi-scale component of turbulence in
section 3.4 of original manuscript. Therefore, we would like to introduce the
characteristics of turbulent and sub-mesoscale motions in the spectra and the basis for
partitioning them. We also mark the position of the spectral gap with dotted lines in the
spectra and further explain the causes of multi-scale component of turbulence.

Based on traditional turbulence theory, the turbulent energy spectrum can
generally be divided into three regions: the energy-containing vortex region, the inertial
subregion, and the dissipation region, as shown in Figure 26. 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 27). Many other studies

have generally proven the existence of the spectral gap (Panofsky, 1969; Fiedler and



Panofsky, 1970).
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Figure 26. Generalized w spectrum for z/L values ranging from +2.0 to -2.0. (Cited from Kaimal
et al., 1972, Figure 4)
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Figure 27. Horizontal wind-speed spectrum at Brookhaven National Laboratory at about 100-m
height. (Cited from Van der Hoven., 1957, Figure 1)

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. 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

13), the significant spectral gaps were clearly visible. 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. Analogously, we can clearly observe

the significant spectral gaps in the energy spectra observed in the UCL (see dotted blue

lines in Figure 28al-28d1). The right sides of these spectral gaps aligned with the

expectations of classical energy spectrum theory, while the left sides showed deviations.
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Figure 28. (al-d1) Energy spectra of wu, the dashed blue lines represent the spectral gaps between
the sub-mesoscale motions and the turbulent motions, the solid gray lines represent the slope of -
2/3; (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) 12:00 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 January 14, 2021, (d1-
d4) 01:30 on the January 21, 2021 (solid black line) and 02:30 on the January 14, 2021 (solid blue
line). (From original manuscript Figure 6)

The urban boundary layer consists of the urban near-surface layer and the outer
layer, among which the UCL represents the atmosphere close to the ground layer below
the top of urban buildings (Oke et al., 2017). UCL is the most drastically affected by
pollution sources emissions from surface and anthropogenic activities. The distribution
of rough elements (e.g., buildings, trees) within the UCL is highly inhomogeneous in
three-dimensional space, and the development of turbulent eddies can easily be
restricted or fragmented by the influence of rough elements. Moreover, many kinds of
urban construction consume immense amounts of energy, and consumed energy is
finally converted to anthropogenic heat, continuously affecting the regional atmosphere
(Lietal., 2021). Consequently, atmospheric turbulence within the UCL is characterized
by strong non-stationarity and inhomogeneity. These turbulence structures exhibit
multi-scale properties (Roman-Cascén et al., 2023) that may be influenced by sub-
mesoscale motions (Ren et al., 2019a). 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 Mahrt, 2007; Wei et al., 2021; Zhang
et al., 2024). Mahrt (2014) also mentioned that although sub-mesoscale motions seem
to always be present, their impact is limited primarily to weak-wind conditions.
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" (see Figure 5) in high-frequency fluctuations also

match existing studies (Zhang et al., 2024).

16. Figure 6: why are only 6 time points considered? Why not examine more complete
statistics?

Response: Thank you for your valuable comment and helpful suggestion.



The contribution of the turbulence spectra varies across different time scales for
each 30-min segment. When averaging is performed, certain features, such as the
frequency corresponding to the peak of the turbulence spectra and the position of the
spectral gaps, may be distorted. To address this, we selected 6 representative time points
with typical characteristics to illustrate four stages of haze pollution pattern: PMa s
concentrations rose from 08:00-13:00, declined from 14:00-18:00, rose again from
19:00-21:00, and declined from 22:00-07:00 the next day. In addition to the 6 time
points, there are other time points whose turbulence spectra also align with the
corresponding characteristics. Therefore, we added these other time points in Figure 6

of the original manuscript and presented consistent results (see Figure 29).
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Figure 29. as same as Figure 28. Another six time points were selected to represent the following:
(al-a4) 08:00 on the January 20, 2021, (b1-b4) 15:30 on the January 19, 2021 (solid black line)
and 18:30 on the January 13, 2021 (solid blue line); (c1-c4) 20:00 on the January 21, 2021, (d1-

d4) 07:00 on the January 19, 2021 (solid black line) and 00:30 on the January 14, 2021 (solid blue
line).

17. Page 20, line 9: the paper does not address any urban related process as there is no

spatial component/variability in the observations analyzed. It is therefore



challenging to attribute the findings presented to urban scale processes. The

conclusions should be revised accordingly in multiple instances.

Response: Thank you for your valuable and helpful comments and suggestions. We
have made some supplementary adjustments and modifications based on your
suggestions, which helped to enhance the reliability and objectivity of our study
conclusions. The details are as follows.

We fully agree that observational data from a single monitoring station may not
adequately capture spatial variations in turbulence and pollution dynamics across the
city. Based on this, we conducted a station average analysis of PM; 5 concentration data
from other 4 state-controlled monitoring sites of Lanzhou Basin city in January 2021.
Then, we compared the results with those from the observation station (LACMS) in the
original manuscript, and found that their pattern characteristics were consistent.
Furthermore, we have similarly analyzed the PM> s concentration data from subsequent
observations conducted from December 2023 to February 2024, and the results have
also shown consistency (see Figure 2). In summary, the spatial and temporal
characteristics Lanzhou Basin city from January 2021 and December 2023 to February
2024 exhibit consistency. Thank you again for your constructive suggestions, which
increase the reliability of our study conclusions on the spatio-temporal characteristics
of haze pollution pattern.

The turbulence data observed by the eddy covariance system, affected by the
highly inhomogeneous distribution of rough elements, primarily reflect the region
dominated by the characteristics of roughness elements around the site. This scale is
generally considered the street scale (see Figure 3). Although rough elements in the
UCL exhibit varying distribution characteristics across different regions, their presence
exerts certain common effects on dynamic and thermal turbulence. For example,
significant roughness caused by the canopy and its geometry directly influences the
flow fields (Russell et al., 2016; Zou et al., 2017; Shi et al., 2023), and the
anthropogenic heat and urban canopy storage heat will continuously affect the regional
atmosphere (Li et al., 2021). Existing studies examining the correlation between

turbulence and air pollution are mainly based on single monitoring station (Wang et



al.,2020; Shi et al., 2023; Roman-Cascoén et al., 2023). Unfortunately, due to a lack of
encrypted turbulence observations in Lanzhou Basin city at present, we are unable to
obtain additional turbulence data from that location. However, we can provide extended
observation records from our monitoring sites, which further substantiate the generality
of our results. For specific conclusions regarding this matter, please refer to the third
reply in the General comments.

Finally, thanks again for your valuable comments. We would like to standardize
the terminology related to the study scale (urban microscale meteorological) and
supplement the analysis of spatio-temporal coherence of the pollution and the
turbulence analysis of longer time series in the UCL of Lanzhou Basin city in section

3.1. Which would help enhance reliability and objectivity of our conclusions.
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