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Abstract

The precise cause of PM; 5 (fine particular matter with a diameter smaller than 2.5 pm)
explosive growth and the contribution of intermittent turbulence to the dispersion of PM> 5
are uncertain. Thus, the impact of boundary-layer structure and turbulence on the varia-
tions of surface PMj; 5 during fog—haze episodes, especially during explosive growth and
dispersion episodes, are investigated using turbulence data collected at a 255-m high mete-
orological tower in Tianjin from 2016 to 2018. Results suggest that the explosive growth of
surface PM; 5 during fog—haze episodes is closely related to weak turbulent mixing, nocturnal
inversions, or anomalous inversions, and the barrier effect of strong turbulent intermittency.
Turbulent intermittency acts as a lid for hindering pollutant dispersion and is favourable for
the fast accumulation of surface PM> 5. Apart from the potential causes mentioned above, the
persistent moderate south-westerly flow is also a contributing factor for the explosive growth
of surface PM» 5 during fog—haze episodes associated with regional transport. In addition,
we demonstrate a possible mechanism of how intermittent turbulence affects the dispersion
of PMj 5. Results verify that intermittent turbulence induced by the nocturnal low-level jet
(LLJ) indeed plays an important role in the dispersion of PM, 5. However, the contribution
of intermittent turbulence generated by the nocturnal LLJ to the dispersion of PM3 5 strongly
relies on the intensity of the nocturnal LLJ.
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1 Introduction

Visibility is the farthest distance at which the human eye can distinguish a target against
a background (Duntley 1948). During recent years, haze and fog have frequently caused
severely low visibility in the North China Plain (NCP; Quan et al. 2011). Haze and fog, which
can significantly affect transportation (Fabbian et al. 2007; Chen et al. 2012), human health
(Kim et al. 2019), and the economy (Gultepe et al. 2007), and have attracted considerable
public attention (Chen et al. 2013).

Aerosol particles, especially the PM» 5 (fine particular matter with a diameter smaller
than 2.5 pm), are the main cause of hazy weather (Ji et al. 2012; Zhang et al. 2012). With
the rapid urbanization and tremendous economic development during the past decades, hazy
weather associated with PM; 5 has become the foremost pollution issue in China (Ding and
Liu 2014), particularly in the NCP (Hu et al. 2014; Ye et al. 2015b). Fog is a boundary-layer
weather phenomenon composed of suspended water droplets or crystals, which can reduce
horizontal visibility to much less than 1 km (WMO 1992). Previous literature has reported
that the economic and human losses associated with fog events are comparable to those
caused by tornadoes and even hurricanes and winter storms (Gultepe et al. 2007), and fog
events have caused costly and even catastrophic events in China. Haze and fog frequently
and simultaneously occur in the NCP (Ju et al. 2020a); thus, much attention should be paid
to fog—haze events (Fu et al. 2014).

Despite the decreased number of foggy—hazy days in the NCP in recent years (Tao et al.
2014), fog-haze events characterized by extremely high mass concentration of PM; s still
frequently occurred there (Zhao et al. 2013; Zhang et al. 2015). To understand the potential
causes of fog—haze events in China, the physical, chemical, and optical properties of aerosol
particles and meteorological conditions during haze episodes have been widely investigated
(Zhao et al. 2013; Han et al. 2018; Liu et al. 2019). These studies reveal that the occurrence
of a fog—haze event is strongly affected by source emissions (Wang et al. 2013; Liu et al.
2014), production of secondary pollutants, and meteorological conditions (Tang et al. 2016;
Li et al. 2019), which include constant stagnant flow, strong stable stratification, and weak
turbulent mixing (Zhang et al. 2015; Miao et al. 2018).

Fog—haze events usually form under strong stable stratification, with stagnant flow and
weak turbulence (Ye et al. 2015b). The stable boundary layer (SBL) is typically characterized
by intermittent turbulence or even no turbulence at a variety of heights, temporal scales, and
spatial locations (Mahrt 1998; Van de Wiel et al. 2003; Salmond 2005). The term intermittency
has different meanings that vary among studies (Coulter and Doran 2002; Acevedo et al.
2006; Mahrt 2007). Mahrt (1989) defines intermittency as the case where eddies at all scales
are missing or suppressed at scales that are greater than those for large eddies. Several
studies have indicated that intermittency is driven by non-stationarity due to motions on
time scales that are slightly greater than turbulence (Mahrt 2010) when the large-scale flow
is weak. These motions are referred to as submesoscale motions (Sun et al. 2004; Anfossi
et al. 2005). Therefore, turbulent mixing during fog—haze episodes cannot be calculated
with the eddy-correlation method when intermittent turbulence exists because of the non-
stationarity imposed by submesoscale motions (Vickers and Mahrt 2006; Acevedo et al.
2007). Additionally, most investigations (Petija et al. 2016) focus on the feedback between
aerosols, turbulent mixing, and the boundary layer, with little discussion on the dynamic
effect of turbulence on the transport of particulate matter, not to mention the intermittent
turbulence under strongly stable conditions (Wei et al. 2018). A series of works (Vindel
and Yagiie 2011; Helgason and Pomeroy 2012) have confirmed that intermittent turbulence

@ Springer



Impacts of Boundary-Layer Structure and Turbulence on the Variations ... 471

accounts for significant vertical momentum, and heat and mass exchange between the surface
and the upper boundary layer, implying that intermittent turbulence may be one of the key
factors in pollutant dispersion. Therefore, to analyze the nonlinearity and non-stationarity
of intermittent turbulence in the SBL, a new technique, the so-called arbitrary-order Hilbert
spectral analysis (arbitrary-order HSA) method proposed by Huang et al. (2008), is used. The
arbitrary-order HSA method has been successfully applied in analyses of turbulence in the
SBL (Wei et al. 2016, 2017). Although early studies have explored some potential reasons
for fog—haze, there are few works focusing on the effects of intermittent turbulence in the
SBL.

The impacts of boundary-layer structure and turbulence on the variations of PM; 5 during
fog—haze events are still ambiguous due to the unclear impacts of intermittent turbulence
and the lack of continuous and comprehensive field observations. The purpose of the present
study is to reveal the impacts of boundary-layer structure and turbulence on the variations
of PM, 5 during fog—haze episodes, especially on the explosive growth and dispersion of
surface PM» 5. It should be kept in mind that our aim is not to compare the advantages
and disadvantages of different methods, but to obtain pure turbulent quantities and study
the intermittent turbulence in the SBL with the aid of an effective method. In Sect. 2, the
observation site, instruments, and dataset are described. Moreover, the criteria for haze and
fog are also introduced. In Sect. 3, the calculations of turbulent quantities and methods used
are presented. Section 4 contains discussions of our results in detail, including an overview of
the fog—haze events, the behaviour of intermittent turbulence during fog—haze episodes, and
the impacts of boundary-layer structure and intermittent turbulence on the explosive growth
and dispersion of PM» s during fog—haze episodes. In Sect. 5, conclusions are summarized.

2 Data and Criteria

2.1 Experiment Site and Data

Tianjin (39.08°N, 117.21°E; altitude 3.4 m) is the largest coastal city in the NCP, with the
Bohai Sea to the east. Due to the rapid urbanization in recent decades, Tianjin has a typical
urban underlying terrain (Ye et al. 2015a). In this study, data are mainly obtained from a
255-m high meteorological tower, which is located at the meteorological observation station
(ABLT]J, 54,517) to the south of Tianjin city (Fig. 1). There are no tall buildings around the
tower within a radius of 50 m, and the heights of the surrounding buildings within 300 m
are less than 30 m. The routine surface observations, such as visibility, rainfall, and relative
humidity, are obtained from the surface automatic weather station (AWS) at the same site.
The PM, 5 mass concentration is obtained from a tapered element oscillating microbalance
(TEOM, RP1405D, Thermo Fisher Scientific, Waltham, Massachusetts, USA), which weighs
dry aerosols rather than aerosols that have absorbed water. The wind-profile data are obtained
from the 1363 MHz boundary-layer wind-profile radar (Radian CFL-06, Beijing Institute of
Radio Measurement, Beijing, China) at Xiqing in Tianjin (XQTYJ). Xiging station (39°5'20"N,
117°3’56"E), which is nearly 14 km to the west of the 255-m high meteorological tower
(Fig. 1), is the only surface AWS included in the global climate observing system in Tianjin
operated by the China Meteorological Administration (CMA).

Measurements of meteorological parameters at the 255-m tower and the AWS were
recorded automatically and continuously at a 1-min interval. Considering the time inter-
val of turbulence fluxes, the 1-min interval meteorological parameters are processed with
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Fig. 1 Topographic image of measurement stations including the Xiqing station (XQTJ) and the meteorological
observation station (ABLTJ) in Tianjin

a moving average of 30-min interval. The sampling frequency of atmospheric turbulence
data is 10 Hz, and preprocessing is performed using Eddy Pro software (Advanced 4.2.1,
LI-COR Biosciences, Inc., Lincoln, Nebraska, U.S.A.). The preprocessing includes spike
removal, double coordinate rotation, and trend removal. In addition, the block time-average
method is used in the trend removal process, with an averaging time interval of 30 min. Since
the eddy-correlation results depend on wind speed, the stability, and friction velocity, strict
quality control is performed on the atmospheric turbulence data as follows. Any data that
met any of the following criteria (Ye et al. 2015a) were discarded: (1) the angle between the
vertical and horizontal wind components greater than £ 7°, (2) the mean wind speed less
than 0.2 m s~!, and (3) the friction velocity less than 0.01 m s~L. For detailed information
about the site and data background refer to Ju et al. (2020b). To obtain the boundary-layer
wind-profile data, the radar wind-profile radar located at Xiqing station, which operates at a
frequency of 1363 MHz with three observation models, is used. The detailed descriptions of
the wind-profile radar characteristics are shown in Table 1 in Wu et al. (2020).
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Table 1 Information about the two fog—haze events

Information or variables Case 1 Case 2

Starting time (LT) of Haze 1900 on 11 November 2018 1600 on 24 November 2018
End time (LT) of Haze 1300 on 15 November 2018 1600 on 27 November 2018
Starting time of fog (LT) 0300 on 14 November 2018 0100 on 26 November 2018
Duration of fog (h) 5 26

Mean PM) 5 concentration (jLg m_3) 140 210

2.2 Criteria for Fog and Haze

Visibility degradation is always related to a high level of aerosol number concentration
and relative humidity (Elias et al. 2009; Deng et al. 2011); therefore, visibility and relative
humidity (RH) are usually criteria for identifying fog. However, the critical value of RH is
not identical in the published literature (Li et al. 2011; Ding and Liu 2014). In this study, the
criteria for fog are as follows (Ye et al. 2015a): (1) RH > 90%, (2) precipitation fog is beyond
the scope, and 3) the 10-min visibility < 1 km. According to the observations and forecasting
levels of haze published by the CMA (QX/T113-2010), when the mass concentration of
PM, s is larger than 75 wg m—> and the RH < 90%, this can be identified as a haze event.
Based on this, only the haze events with a duration longer than 24 h are considered. Fog
frequently forms during the long-term haze events in the NCP; thus, if fog occurs during the
haze episode, it is defined as a fog—haze event.

3 Methodology

3.1 Calculation of Turbulent Quantities

Turbulent quantities including turbulence kinetic energy (TKE) and variances of two hori-
zontal velocity components u, v as well as the vertical velocity component w (m s~!) are
calculated according to

TKE:%(WJFT’%LW), M)
op =u?, @
02 =172, 3)
oy =w?, @)

where ', v/, and w’ are fluctuating values with respect to average values of u, v and w.
Turbulence data, including variables TKE, o, 0y, and oy, are averaged over 30-min intervals.

3.2 Automated Algorithm to Identify the Spectral Gap

Turbulent intermittency is defined as eddies at all scales being missing or suppressed at scales
that are greater than those for large eddies (Mahrt 1999). Turbulent intermittency is driven
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by non-stationarity due to motion on time scales that are slightly greater than turbulence
(Mahrt 2010) when the large-scale flow is weak. To obtain the actual turbulent quantities
and quantify the strength of the local turbulent intermittency, an automated algorithm (Ren
et al. 2019a), which is based on arbitrary-order HSA method (Huang et al. 2008; Wei et al.
2016), is used. The automated algorithm can identify the spectral gap and has been applied
in turbulence analysis in the SBL (Ren et al. 2019a, b). The arbitrary-order HSA method
developed based on the Hilbert—-Huang transform (Huang et al. 1998) has been widely used
to deal with nonlinear and non-stationary time series. The arbitrary-order Hilbert spectrum
is as follows,

Lg(®) = [ p(w, A)ATdA, (&)

where g > 0 is the arbitrary moment, w stands for the instantaneous frequency, A represents
the instantaneous amplitude, and p(w, A) is the joint probability density function.

The spectral gaps are inspected by studying the second-order Hilbert spectra (marginal
spectrum) of turbulence deviations such as v/, v’, and w’ for each 30-min interval. Moreover,
based on the arbitrary-order Hilbert spectrum (Eq. 5), the arbitrary-order Hilbert marginal
spectrum is calculated as

H(w) = [ p(w, A)A%dA. (6)

The spectral gap between the submesoscale motion and turbulence is confirmed as the
interval of frequency in which values of the second-order Hilbert spectra are approximately
constant, or the slope is approximately equal to zero. Figure 2 shows the second-order Hilbert
spectra from the newly reconstructed and raw data. As shown in Fig. 2a, the lower-frequency
limit of the spectral gap for u is @ = 0.008 Hz, and the upper-frequency limit is not used to
reconstruct the data. The part of the frequency larger than w indicates the turbulence signal,
and the part of the frequency smaller than w indicates nonstationary motion, which has a
scale larger than that for turbulence.

The strength of turbulence in the acquired signal can be indicated by using the ratio of the
turbulent intensity to that of all signals. The velocity scale of submesoscale motion represents
the kinetic energy of submesoscale motion and is stated as follows,

— ) 2 2
Vmeso = \/usmeso * Usmeso T Wsmeso® )

where 1/ smeso» V smeso» and W smeso represent the deviations reconstructed from the intrin-
sic mode function (corresponding to the submesoscale motion during each 30-min period).
Similarly, the turbulent velocity scale is calculated as

— 2 2 2
Vb = \/uturb + Vturb + Wiurb» (8)

where u/ b, V' turb, and W'y stand for the deviations reconstructed from the intrinsic mode
function corresponding to the turbulent motion during each 30-min period.

Intermittency can be defined by the turbulent and non-turbulent portions of a signal once
the criteria for identifying the boundary between them have been established (Salmond 2005).
To identify the strength of turbulent intermittency, an effective index, called the local inter-
mittent strength of turbulence (LIST), is used and calculated as

Vi
LIST = — W )

V2 Vtz

smeso urb
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Fig. 2 Second-order Hilbert spectra of the three velocity components a u, b v at 0500 LT (local time = UTC +
8 h), and ¢ w at 0430 LT at 40 m on 14 November 2018 in Tianjin. The black dotted line indicates the spectra
from the raw data, and the solid black line indicates the spectra from the reconstructed data for pure turbulence
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The parameter LIST can be obtained based on examining the spectral gap and reconstruct-
ing the turbulence data reasonably by using the Hilbert-Huang transform. A large deviation
from LIST = 1 indicates that the effect of submesoscale components cannot be neglected,
and the local intermittency is strong. However, as the parameter LIST cannot represent the
intensity of the intermittency alone, the intensity of turbulent mixing (TKE or o ), ¢, V', and
w’ also should be taken into account to describe the turbulent intermittency.

4 Results and Discussions

Statistical results show haze frequently occurred in Tianjin (approximately 37%) from 2016
to 2018, while the occurrence frequency of haze in winter was over 50%. Moreover, approx-
imately 79% of fog events in Tianjin occurred during the haze episodes, indicating that fog
and haze events frequently and simultaneously appeared in the NCP. Therefore, two fog—haze
events occurring in 2018, which are termed as case 1 and case 2 (Table 1) hereinafter, are
chosen to investigate the effects of boundary-layer structure and turbulence on the variations
of surface PMj 5 during fog—haze episodes.

4.1 Overview of the Two Fog-Haze Events

Figure 3 illustrates the time series of different variables during the two fog—haze events,
including surface visibility, RH, specific humidity (g), temperature, wind speed, wind direc-
tion, PMj3 5 mass concentration, and TKE. All variables were observed at the surface except
for TKE, which was observed at 40 m. Due to the installation height limitation of the sonic
instrument, the surface turbulence is represented by turbulence at 40 m. Moreover, it should
be kept in mind that values of TKE were all calculated using pure turbulent fluctuations based
on the HSA method, as explained in Sect. 4.3. The wind speed and turbulence kinetic energy
were always low during fog—haze episodes, with the values being 0.80 m s~! (0.82 m s™!)
and 0.38 m? s72 (0.44 m? s_z) during case 1 (case 2). The daily mean PM; 5 mass concen-
trations during case 1 and case 2 were approximately 140 and 210 wg m~3, respectively. Fog
(shaded area) during case 1 occurred from 0300 to 0700 LT (local time = UTC + 8 h) on 14
November 2018, with the duration being 5 h. Fog (shaded area) during case 2 occurred from
0100 LT on 26 November to 0300 LT on 27 November. There were obvious negative corre-
lations between visibility and RH as well as surface PM; 5 mass concentration (Fig. 2al, a2,
cl, c2) during the two cases, which confirms that low visibility in Tianjin is closely related
to the occurrence of fog—haze (Ye et al. 2015b; Ju et al. 2020a).

4.2 Weather Scenario Analysis

To analyze the atmospheric background fields of the two fog—haze events, surface and 925-
hPa synoptic charts during the two fog—haze episodes are presented in Fig. 4. The weather
conditions were similar before the occurrence of the two fog—haze events, with a surface
high-pressure system in the western region of the NCP (Fig. 4a, e). The Tianjin region
was affected by an anticyclone and was controlled by a stagnant wind field, resulting in
unfavourable transport conditions. The low wind speeds at the surface and high elevations
suggest that the occurrence of the haze was mainly due to local emissions.

For case 1, haze occurred at 1900 LT on 11 November due to the local emissions and
stagnant wind fields. Subsequently, the Tianjin region was affected by high pressure at 2000
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LT on 13 November (Fig. 4d), and fog formed in the early morning of 14 November. On
the morning of 14 November, the thin fog dissipated due to solar radiation; however, haze
characterized by high mass concentration of PM> s persisted. On the morning of 15 November,
the Tianjin region was affected by an anticyclone in the north-western region of the NCP,
as shown in Fig. 4b. The fog—haze dissipated due to the strong north-westerly wind, which
carried clear and dry air to Tianjin.

For case 2, the occurrence of the haze event was also mainly due to the local emissions,
while the maintenance of the fog—haze was somewhat different from that of case 1. Haze
occurred at 1600 LT on 24 November due to the local emissions and stagnant wind fields.
From 2000 LT on 25 November, the Tianjin region was affected by a surface low-pressure
system, and synoptic weather conditions at 925 hPa show that the Tianjin region lay ahead
of the trough (Fig. 4g). Consequently, a persistent south-westerly flow brought polluted air
masses and water vapour to Tianjin, which led to the continuous increase in PMj 5 mass
concentration (Fig. 3c2) and specific humidity (Fig. 3d2). The fog persisted for the whole
day with the aid of moist advection (Tian et al. 2019; Ju et al. 2020a). Finally, the Tianjin
region was affected by an anticyclone in the north-western region (Fig. 4f), and the fog—haze
dissipated because of the strong north-westerly wind. In a nutshell, haze during case 2 also
formed mainly due to the local emissions and stagnant wind fields. While from 2000 LT on
25 November, the maintenance of fog—haze can be partly attributed to regional transport. In
summary, the trends of the weather systems during the formation and dissipation stages of
the two fog—haze events are relatively similar.

4.3 Characteristics of Boundary-Layer Structure and Turbulence During Fog-Haze
Episodes

Figure 5 depicts the profiles of the daily mean potential temperature (9) and the mean change
of 6 (A0) during the two fog—haze episodes at 15 different heights. The mean change of 6
at a given height was calculated by subtracting the mean value of 8 during the two fog—haze
episodes from that on the clear days (24 h before the occurrence of the fog—haze). Results
of the daily mean potential temperature show that though the height of the inversion layer
changed slightly, the intensity of the inversion layer gradually increased during fog—haze
episodes (Fig. 5al, a2). A profile of A6 during a case 1 (Fig. 5bl) shows that the mean
potential temperature at the upper layer (160-250 m) during a fog—haze episode was higher
than that on a clean day (A6 > 0). Though the mean potential temperature at the lower layer
(from surface to 160 m) during fog—haze episode was lower than that on a clear day (A6 <
0), the intensity of the inversion layer still increased during fog—haze episode. The profile of
A6 during a case 2 (Fig. 5b2) shows that the mean potential temperature during a fog—haze
episode was always higher than that on a clear day (A6 > 0), and the warming of the upper
layer (160-250 m) was greater than that of the lower layer (from surface to 160 m), which
also verifies that the intensity of the inversion layer increased during the fog—haze episode.
Compared with case 1, the mean potential temperature in the lower layer (from surface to
160 m) was higher than that on a clear day, and the intensity of the inversion layer was
stronger during case 2. In a nutshell, results of the boundary-layer structure confirm that
the two fog—haze events both occurred in the SBL, and the intensities of the inversion layer
during fog—haze episodes were stronger than those on clear days.

Due to the important roles of turbulence in the transport of heat, moisture, and pollutants,
the impacts of turbulence on the variations of surface PM; 5 during fog—haze episodes have
attracted considerable public attention. However, the impacts of turbulence on the variations
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Fig. 5 Profiles of the daily mean potential temperature (6) during al case 1 and a2 case 2. Profiles of change
of 6 during the bl case 1 and b2 case 2

of surface PM; 5 during fog—haze episodes are still not yet clearly understood. Results of
the boundary-layer structure confirm that fog—haze events both formed in the SBL, in which
turbulent mixing is weak and typically characterized by intermittent turbulence (Salmond
2005; Wei et al. 2018; Ren et al. 2019a). During fog—haze episodes, exchanges between the
surface and the atmosphere calculated with the eddy-correlation method may be questionable
due to the non-stationarity imposed by submesoscale motions (Acevedo et al. 2006, 2007;
Ren et al. 2019a). Therefore, the original results, which are calculated via the classic eddy-
correlation system, and the new results, calculated using the HSA method, of the variable
TKE and the variance parameters (o, 0, and o,,) during fog—haze episodes are compared
(Fig. 6). Obvious overestimations of the variable TKE calculated by the eddy-correlation
method (original results) are observed, with the slope of the fitted line being 0.86 and 0.89
for case 1 (Fig. 6a) and case 2 (figures omitted here). The traditional eddy-correlation method
also overestimates by approximately 10% (6%) and 10% (10%) for the quantities of o, and
o, during case 1 (case 2). There are almost no discrepancies between the original results
and the new results of o, (Fig. 6d), which confirms that the appearance of the spectral
gap has fewer effects on the variance in the vertical velocity component. Results show that
overestimations of turbulent quantities calculated by the eddy-correlation method due to
intermittent turbulence cannot be neglected during fog—haze episodes; thus, values of the
variable TKE presented here were all calculated using pure turbulent fluctuations based on
the HSA method. In addition, the impacts of intermittent turbulence on the variations of
surface PM, 5 during fog—haze episodes are the focus here.
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4.4 Impacts of Boundary-Layer Structure and Turbulence on the Variations
of Surface PM, 5

The analysis of atmospheric background fields suggests that the occurrence and mainte-
nance of fog—haze during case 1 were mainly due to the local emissions and stagnant wind
fields. There is no large pollution source around our experimental station, and there was no
significant emission variability during the studied episodes; thus, the variations of surface
PM; 5 concentration during case 1 were deemed to be closely related to the meteorological
conditions, including constant stagnant winds, strong stable stratification, and weak turbu-
lent mixing (Zhang et al. 2015; Miao et al. 2018; Li et al. 2019). In our study, we mainly
focused on the relationships between the boundary-layer structure as well as turbulence and
the explosive growth of surface PM; 5, which is defined as PM; 5 mass concentration that
at least doubled in several hours to 10 h (Zhong et al. 2018). The explosive growths of sur-
face PM, 5 were observed in the early morning of 12, 13, and 14 November (red lines in
Fig. 3c1); however, the precise cause of PM, 5 explosive growth is still uncertain. Persistent
weak southerly winds facilitated local pollutants accumulation by minimizing horizontal pol-
lutant diffusion. Local emissions under weak winds were likely conducive but not dominant
with respect to the explosive growths of surface PM; 5.

The potential causes of the explosive growth of surface PM5 5 concentration have been
analyzed previously. Wang et al. (2018) report that the aerosol-radiation feedback and the
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decrease in the turbulent diffusion are favourable for the explosive growth of PM; 5. The
boundary-layer structure (Fig. 7) suggests that the explosive growths of surface PM> 5 during
case 1 all occurred in the SBL; however, the correlations between TKE and surface PM, 5
concentration are extremely poor during the explosive growth episodes of surface PMj 5
(Fig. 3c1, el). The explosive growth of surface PM; 5 during case 1 was even accompanied by
slightly increasing weak turbulent mixing (red lines in Fig. 3e1), indicating the decrease in the
turbulent diffusion was not the main cause of the PM; 5 explosive growth during case 1. Zhong
et al. (2018) point out that the explosive growth of surface PM; 5 concentration is dominated
by a near-ground anomalous inversion and moisture accumulation in the daytime. However,
the explosive growth of surface PM> 5 was frequently observed in the early morning. Though
pollutants consistently accumulated accompanied by the near-ground inversion throughout
the night-time, the explosive growth of surface PM;s was not observed at night. Thus,
aerosol-radiation feedback and near-ground inversion were also not the main causes of the
surface PM; 5 explosive growth during case 1.

Apart from the potential causes mentioned above, the increase in humidity also facilitated
aerosol hygroscopic growth and secondary formation by heterogeneous reactions, which
were also favourable for increasing surface PM, 5 concentration. However, the PM; 5 mass
concentrations are obtained from a TEOM device, which weighs dry aerosols rather than
aerosols that have absorbed water. Though the formation of secondary aerosols was likely
conducive to the increase in surface PM> s, it was not dominant with respect to the explosive
growth of surface PM» 5 concentration (Sun et al. 2014). Therefore, besides the causes docu-
mented previously, there must be other physical mechanisms leading to the explosive growth
of surface PM; 5. As mentioned above, fog—haze events frequently occurred in the SBL,
in which turbulent mixing was weak and typically characterized by intermittent turbulence.
Therefore, the impacts of intermittent turbulence on the explosive growth of surface PM, 5
are studied.

Businger (1973) proposed a cyclic process of intermittent turbulence in the near-surface
layer under ideal conditions: when the thermal stability of the near-surface layer increases
rapidly, the turbulence in the near-surface layer is suppressed, collapses, and appears as
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laminar flow at a certain height. The atmosphere and the underlying surface decouple because
turbulent transport weakens or even disappears. Then, due to high-level weather-scale wind
shear, intermittent increasing turbulence appears and transmits downward. The intermittent
turbulence weakens the stratification effect, and the coupling between the atmosphere and
the underlying surface is re-established (Businger 1973). According to Businger’s theory,
turbulence at certain heights may disappear, forming a laminar flow as if there is a barrier layer
that hinders the transmission of turbulence. This phenomenon is beneficial for understanding
the physical mechanism responsible for the rapid accumulation of pollutants and is defined
as the turbulence ‘barrier effect’ by Ren et al. (2021). In our study, the parameter LIST, which
refers to the proportion of turbulent components in the collected 30-min signal, is adopted
to identify the strength of turbulent intermittency.

The temporal variations of Vgmeso, Viurb at 40 m, TKE, o, and LIST at 40, 120, and
200 m during case 1 are presented in Fig. 8. During the surface PM; s explosive growth
episode on 12 November, the turbulent mixing at the entire tower layer was weak (Fig. 8b,
¢). Strong turbulent intermittency (low value of LIST') was observed in the early morning of 12
November at 120 and 200 m (Fig. 8e, ). As mentioned above, the weak turbulent mixing and
low value of LIST manifest the suppression of turbulent motion by sub-mesoscale motion in
the early morning of 12 November. The turbulence in the near-surface layer was suppressed,
collapsed, and a laminar flow appeared at 120 or 200 m, which is the so-called barrier effect.
Therefore, we deem that there was an inversion lid at 120 or 200 m, and the substance
exchange was suppressed under this condition. Ultimately, the weak turbulent mixing in
stable stratification and the barrier effect of strong turbulent intermittency facilitated the rapid
accumulation of surface PM3 5 and led to the explosive growth of surface PM» 5. Analogous
phenomena were also observed in the early morning of 13 and 14 November. In the early
morning of 14 November, the value of Vgpeso at 40 m gradually increased (Fig. 8a), while
the value of V,p, was inhibited (Fig. 8a), resulting in the low values of LIST (Fig. 8d). Weak
turbulent mixing and the barrier effect of strong turbulent intermittency also resulted in the
explosive growth of surface PM; 5 in the early morning of 14 November. In a nutshell, the
explosive growth of surface PM; 5 observed in the early morning of 12, 13, and 14 November
can be partly attributed to the weak turbulent mixing and the barrier effect of strong turbulent
intermittency in the near-surface. However, the turbulent mixing in the SBL was always weak,
and the explosive growth of surface PM5 5 was not always observed. The analysis suggests
that to state the impacts of turbulence on the variations of PM> 5 during fog—haze episodes,
intensities of turbulent mixing (T7KE or o ) and turbulent intermittency (LIST) both should
be taken into account.

Moreover, it is worth noting that there was intermittent turbulence at 200 m in the early
morning of 13 November (Fig. 9a, b, ¢). Some potential causes of intermittent turbulence
in the SBL that have been documented include gravity waves (Sorbjan and Czerwinska,
2013), solitary waves (Terradellas et al. 2005), horizontal meandering of the mean wind
field (Anfossi et al. 2005), and low-level jets (LLJs, Marht 2014; Wei et al. 2018). Based
on criteria for LLJs in Tianjin documented in previous studies (Wei et al. 2014; Wu et al.
2020), simplified criteria, the maximum wind speed (Vpax) > 6 m s~!, and the difference
between Vpax and the minimum wind speed above or the wind speed at the height of 3 km
> 3 m s~ !, were used. Intermittent turbulence in the early morning of 13 November was
induced by wind shear associated with a nocturnal LLJ (Fig. 9d). The result confirms that
the nocturnal LLJ is a potential source of turbulence in the SBL. However, the intensity
of intermittent turbulence was weak, and the time scale of turbulent bursts was very short,
resulting in the turbulent mixing being still weak. Wei et al. (2018) have pointed out that the
intermittent turbulent fluxes associated with the nocturnal LLJ contribute positively to the
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vertical transport of particulate matter and improve the air quality near the surface. However,
the intermittent turbulence induced by the weak nocturnal LLJ in the early morning of 13
November was weak (Fig. 8b, c), resulting in the PM; 5 changing slightly. Since the intensity
of intermittent turbulence induced by the LLJ is closely related to the intensity of the LLJ
(Banta et al. 2006), the impact of intermittent turbulence induced by the nocturnal LLJ on
the dispersion of particulate matter strongly relies on the intensity of the nocturnal LLJ.

A significant decrease in surface PM» s concentration was observed from 0800 LT on
12, 13, and 14 November. Due to surface heating, the strong stable stratification collapsed
(Fig.7), and the barrier effect of strong turbulent intermittency at the near-surface disappeared.
The increasing turbulence induced by surface heating weakens the stratification, and the
coupling between the atmosphere and the underlying surface is re-established (Businger
1973). Therefore, the significant decrease in surface PMj; 5 concentration after the explosive
growth episode was mainly due to the increasing turbulent mixing (Fig. 8b, c) with weak
intermittency (Fig. 8d, e, f). As shown in Fig. 4b, on the morning of 15 November, the Tianjin
region lay ahead of the cold high-pressure system, which was located in the north-west of
Tianjin. The strong north-westerly wind, which carried clear and dry air to Tianjin, led to the
dissipation of the haze. At the same time, strong turbulent mixing with weak intermittency
associated with solar radiation and wind shear were also favourable for the dispersion of
PM; 5.

As mentioned in Sect. 4.2, before 2000 LT on 25 November, the occurrence and main-
tenance of haze during case 2 were also mainly due to local emissions and stagnant wind
fields. The variations of surface PM, 5 concentration before 2000 LT on 25 November were
also closely related to the meteorological conditions, including constant stagnant winds,
strong stable stratification, and weak turbulent mixing. Surface PM> 5 explosive growth was
observed on the morning of 25 November (red lines in Fig. 3c2). Persistent weak southerly
winds facilitated local pollutant accumulation; however, weak southerly winds on the morn-
ing of 25 November was likely conducive but not dominant with respect to the explosive
growths of surface PMj 5. Moreover, the turbulent mixing at the entire tower layer was weak
(Fig. 10e, f) and there were no pronounced correlations between the turbulent mixing and the
explosive growth of surface PM; 5 (Fig. 3c2, e2). The boundary-layer structure shows that
there was a near-ground anomalous inversion on the morning of 25 November (Fig. 10b).
There are two factors, including advection and radiation, that cause the occurrence of the
inversion above Tianjin. Advection inversion was closely related to the wind speed; however,
the analysis of atmospheric background fields and wind-profile data suggest that the anoma-
lous inversion appearing on the morning of 25 November was accompanied by weak winds.
Thus, the advection was not striking, and the contribution of advection to the anomalous
inversion was limited. The radiation cooling at the surface was favourable for a nocturnal
inversion but not dominant with respect to the anomalous inversion in the morning. Aerosol
scattering (Wang et al. 2014; Gao et al. 2015) resulted in a significant reduction in shortwave
irradiance at the ground, which further reduced near-ground temperature. These findings indi-
cate that the anomalous inversion on the morning of 25 November can be partly attributed
to the radiation cooling effect of pre-existing aerosols. Although a high concentration of
PM; 5 was frequently observed in the autumn and winter of Tianjin, an anomalous inversion
was not always observed, indicating the potential causes of anomalous inversions still need
to be revealed by further studies. The anomalous inversion trapped polluted air beneath it
and facilitated pollutant accumulation by suppressing vertical air mixing and reducing the
boundary-layer height (Fig. 10; Zhong et al. 2018).

Moreover, strong turbulent intermittency (low value of LIST') was observed on the morning
of 25 November at 40, 120, and 200 m (Fig. 10g, h, ). Therefore, a laminar flow appeared at 40,
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120, or 200 m, indicating that there was a lid at 40, 120, or 200 m, and the pollutants exchange
is suppressed. Ultimately, the weak turbulent mixing, the barrier effect of strong turbulent
intermittency, and the anomalous inversion facilitated the rapid accumulation of surface
PM, 5 and led to the explosive growth of surface PM» 5 on the morning of 25 November.

Synoptic weather conditions at 925 hPa show that from 2000 LT on 25 November, the
Tianjin region lay ahead of the trough (Fig. 4h), and after this time, the explosive growth
of surface PMj; 5 concentration was observed (Fig. 3c2). Persistent south-westerly winds
brought polluted air masses and water vapour to Tianjin, which led to the continuous increase
in PM> s mass concentration (Fig. 3c2) and specific humidity (Fig. 3d2). Boundary-layer
structure and turbulence data show that there was a near-ground inversion, and the turbulent
mixing at the entire tower layer was weak, which was favourable for the accumulation of
PM, 5. Moreover, strong turbulent intermittency (low value of LIST) was observed on the
night of 25 November at 40 and 200 m (Fig. 10g, i). The barrier effect of strong turbulent
intermittency also facilitated the accumulation of PM, 5. Therefore, the persistent moderate
south-westerly winds, the weak turbulent mixing under the stable stratification, and the barrier
effect of strong turbulent intermittency led to the explosive growth of surface PM> 5 on the
night of 25 November.

In summary, the potential causes of the surface PMj s explosive growth during fog—
haze episodes in the present study are various, including weak turbulent mixing, nocturnal
inversion/anomalous inversion, regional transport, and the barrier effect of strong turbulent
intermittency. The analogous result that weak turbulent mixing with strong turbulent inter-
mittency leads to the explosive growth of surface PM; 5 was also observed from another two
fog—haze events in 2016 (figures omitted here).

At2100 LT on 26 November, LIST at 200 m gradually increased from low values to 1, and
a turbulent burst formed at 200 m (Fig. 11c). The turbulent burst was also induced by wind
shear associated with the nocturnal LLJ (figure omitted here), and the intermittent increasing
turbulence transmitted downward to the surface, resulting in the increase of turbulent mixing
at lower levels (Fig. 11a, b, ¢). The intermittent increasing turbulence weakens the stratifica-
tion stability (Fig. 10d), and the coupling between the atmosphere and the underlying surface
is re-established. Compared with the weak LLJ (Vipax <9 m s_]) in the early morning of 13
November during case 1, the intensity of LLJ on the night of 26 November and in the early
morning of 27 November during the case 2 was much stronger (approximately 15 m s~!),
resulting in the turbulent bursts and turbulent mixing being stronger during case 2. The
strong intermittent turbulent mixing contributed positively to the dispersion of pollutants and
improved visibility near the surface. Results suggested that intermittent turbulence induced
by the nocturnal LLJ indeed plays an important role in the variations of PM; 5; however, the
impact of intermittent turbulence induced by the nocturnal LLJ on the dispersion of PM; 5
strongly relies on the intensity of the nocturnal LLJ.

5 Conclusions

The analysis of the boundary-layer structure confirms that fog—haze events always form in
the SBL, in which turbulence is typically characterized by intermittency. Thus, the impact of
boundary-layer structure and turbulence on the variations of surface PM; 5 during fog—haze
episodes are investigated. In particular, the impacts of intermittent turbulence on the explosive
growth and dispersion of surface PM; 5 are focused on using the turbulence data collected at
a 255-m tower in Tianjin from 2016 to 2018.
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LT on 27 November. Solid black lines from left to right denote the starting and end time of the fog-haze,
respectively. Shaded area denotes the fog episode

The analysis of atmospheric background fields suggests that the occurrence and mainte-
nance of haze during case 1 are mainly due to the local emissions and stagnant wind fields.
Therefore, the variations of surface PM» 5 concentration are closely related to the meteoro-
logical conditions, including boundary-layer structure and turbulence. Results show that the
potential causes of the surface PM; 5 explosive growth during fog—haze episodes are vari-
ous, including weak turbulent mixing, a nocturnal inversion or anomalous inversion, and the
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barrier effect of strong turbulent intermittency. Strong turbulent intermittency, which indi-
cates that turbulence at certain heights is inhibited or disappears, forming a laminar flow as
if there is a barrier layer, hinders pollutants dispersion and facilitates the fast accumulation
of surface PM, 5. Apart from the potential causes mentioned above, the persistent moderate
south-westerly flow is also a contributing factor for the explosive growth of surface PM; 5
during fog—haze episodes associated with regional transport. The results suggest that, to state
the impacts of turbulence on the variations of PM3 5 during fog—haze episodes, intensities of
turbulent mixing (7KE or o) and turbulent intermittency (LIST') both should be taken into
account.

In addition, results verify that intermittent turbulence induced by the nocturnal LLJ indeed
plays an important role in the variations of PMj; 5. The intermittent increasing turbulence
induced by the nocturnal LLJ can transport downward and weaken the stratification stability,
contributing positively to the vertical transport of PM3 5 and improving the air quality near
the surface. However, the impact of intermittent turbulence induced by the nocturnal LLJ on
the dispersion of PMj 5 strongly relies on the intensity of the nocturnal LLJ. This work has
demonstrated a possible mechanism of how intermittent turbulence affects the dispersion of
pollutants.
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