Authors reply to reviewer’s comments:
Dear Anonymous Referees,

Thanks for your careful review of the manuscript. We read the reviewer’s comments
carefully, and have responded and taken all of the reviewer’s comments into
consideration and revised the manuscript accordingly. My detailed responses are as
follows:

Comments from Anonymous Referee #1:

“Major comment:

1) There are two observation sites, a rural site (GC site) and an urban site
(CAMS site). The Monin-Obukhov similarity theory (MOST) is applied in
rural site because the surface is homogenous. But in the urban site, the
observation was within the urban roughness sublayer (3-5 mean building
height), MOST is invalid due to the lack of constant-flux conditions, the
local similarity theory should be used. In other words, the function or the
parameters in the similarity relationship should be different for the rural
and urban site.”

Response: Indeed, in the urban site (CAMS site) the observation was within the urban
roughness sublayer, and the local similarity theory should be used to calculate the
aerosol mass flux.

But, if the local similarity theory is applied for calculation in our experiment, the
local turbulence parameters and local stability parameters are required. At the CAMS
site, these parameter measurements cannot be implemented due to actual conditions.
So we can only choose an alternative, and used the meteorological data (temperature)
measured at nearby observation points, then based on the free convection assumption
(using Equation 12) the aerosol fluxes at the CAMS site were calculated. We (Yuan et
al, 2015) conducted a test experiment for vertical aerosol flux in Hefei City, China,
using free convection assumptions and local similarity theories to calculate aerosol
fluxes, respectively. Comparison of the calculation results of the two methods shows
that very unstable condition, -0.15 < (z-zq) / L < 0, accounts for about 62 % of the time,
and the relative difference is about 5%. Under weak unstable and stable condition, the
relative error is about 15%. Although the relative error is a little large under weak
unstable stable stratification conditions, the absolute difference in flux is still small.

There is a weather tower in the north of Beijing. The weather tower is 6.1 km far
from the CAMS site. The meteorological observation data from the weather tower show
that the Monin-Oubhov similarity theory has a little significant error under stable
condition, while the Monin-Oubhov similarity theory is still basically applicable in the
case of unstable stratification (Liu et al. 2009). In the roughness sub-layers of other
cities, under the condition of unstable stratification, the local similarity theory is similar



to MOST (Zou et al. 2018, 2019). Urban meteorological observations show that the
urban surface layer is almost always in an unstable stratification. Even if the city's upper
levels are stable, it is nearly always unstable near the ground in the city (Li et al., 2007).
All of this shows that our current treatment is reasonable.

Please see L442-1.463

Reference

Li, X., Hu, F, and Shu, W.: Study on the characteristics of winter island heat islands in
Beijing and the influence factors of strong and weak heat islands, Journal of the
Graduate School of the Chinese Academy of Sciences, 4, 431-438, 2007.

Liu Ximing, Hu Fei, Quan Lihong, Cao Xiaoyan, and Dou Junxia, 2009, Validation of
the local similarity in urban boundary layer, Climatic and Environmental Research
(in Chinese), 14(2): 183-191.

Zou, J., Liu, G., Sun, J., Zhang, H., and Yuan, R.: The momentum flux-gradient
relations derived from field measurements in the urban roughness sublayer in three
cities in China, Journal Of Geophysical Research-Atmospheres, 120,
10.1002/2015jd023909, 2015.

Yuan, R., Luo, T., Sun, J., Liu, H., Fu, Y., and Wang, Z.: A new method for estimating
aerosol mass flux in the urban surface layer using LAS technology, Atmospheric
Measurement Techniques, 9, 1925-1937, 10.5194/amt-9-1925-2016, 2016.

Roth, M.: Review of atmospheric turbulence over cities, Quarterly Journal of the Royal
Meteorological Society, 126, 941-990, 10.1256/smsqj.56408, 2000.

2) “The function and parameters of the similarity relationship are not
universal, the authors should explain why they use these function and
parameters in the paper. For example, in Eq. 4, the authors said that they
take the parameters b1l and b2 follow DeBruin et al., 1995. But in DeBruin
et al., 1995, it said that “For stable conditions there is no consensus on the
universal function”, b1=5,b2=0 were found by DeBruin et al., 1993, and
“the scatter was very large”. So DeBruin may not be the best choice.
Especially, in Yuan et al., 2016, the parameter b1 and b2 follows Wyngaard
et al., 1971., which is very different from DeBruin et al., 1993. When bl
and b2 follow DeBruin et al., 1995, it means that n(&) stays constant with
stability; but when bl and b2 follow Wyngaard et al., 1971, it means that
1N(€) changes constant with stability. The author should explain why they
choose DeBruin et al., 1995.”

Response: In addition to DeBruin et al., 1993 and 1995, there are a number of schemes
that are used to parameterize the near-surface temperature structure parameter Cr2.
Available data, such as Ct2, u* and T*, were used to calculate the difference between
schemes and actual data. The scheme with the smallest difference was selected.

The experiment of Yuan et al (2016) was conducted over the urban surface. The
scheme of DeBruin et al (1995) was used for processing of these data for unstable



conditions, and the scheme of Wyngaard et al.(1971) was used for stable condition.
When the free convection approximation is satisfied, the approximate expression given
by Wyngaard et al., 1971 was used.

The current GC site is a rural site with a flat underlying surface, where similarity
theory can be applied. The parameters T« and u~ were obtained from temperature-wind
profiles from a tower in GC site. After comparing several parameterization schemes,
we found that taking b1=5 and b,=0 was the best match with the actual results. So we
used this scheme. Details are given below.

The parameterizing scheme for the near-surface temperature structural parameter
Cr2 can be expressed by the formula in the literature (Wyngaard et al., 1971), i.e.
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where z is the measurement height, d is the zero-displacement height, E&=(z-d)/L is the
nondimensional stability parameter, L is the Monin-Obukhov (M-O) length and defined
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Five coefficients a1, a2, b1, b2, e:1 in Egs. (2) (3) were decided by different
researchers, shown in Table 1.
Tablel Five coefficients in universal function

Scheme | a1 | & br | b2 |er | References

no
497 49 (2751 | Wyngaard,1971; He 2018
49161 |49 |22 |2/3| Andreas(1988,1989),Zhang(2015),

Braam 2016,Lee 2015, Li,2017

3 49 |7 6.34 | 7 1 | Thierrnann 45 1992

4 4919 5 0 1 | De Bruin %%, 1993,1995

5 - - 49 | 2.4 | 2/3 | Hartogensis £, 2005

6 6.1|7.6 Maronga_2014

7 6.7149|45 |13 |2/3]|Lietal.,2012

8 4.7 | 1.6 | 2/3 | Hartogensis,2005

Schemes 1, 2 and 4 were widely used, so the three were used to calculate flux for
comparison in our experiment. Sensible heat flux can be calculated as,



_ CT222/3 )
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and compared with

H® =C,pou.T. (5)

The variables u, and T. can be obtained from 3-D sonic anemometer or

temperature-wind profiles. Comparison of sensible heat flux of Eqgs. (4) and (5) is

2,2/3
equivalent to the comparison between (;TZ/ C and T. inEq. (1)
n(z

Aerosol flux measurement was conducted in Hefei, China (Yuan et al. 2016), and

Cr2 was deduced from a LAS and T. L were deduced from an EC system. Taking

a1=4.9, a,=9, b1=4.9, b,=2.75, and e1=0 gives the minimal difference between Eq. (4)
and Eq. (5).

For the experiment at the GC site, Ct?> was deduced from a LAS and T. L were

deduced from wind profile and temperature profile. Comparisons of sensible heat flux
between Hs' and Hs® were done and shown in Fig. 1.
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Figure 1 Comparisons between Hs' and H¢

(a)(b)(c) corresponding to scheme 1,2,4 respectively and statistical results are
given on the lower right.

From comparisons in Fig. 1, Scheme 4 was selected to calculate flux in the current
manuscript.
The effect of the footprint is not considered in our experiment.



Please see Line 194-Line 200.
Reference

Andreas, E. L.: Estimating cn2 over snow and sea ice from meteorological data, Journal
of the Optical Society of America a-Optics Image Science and Vision, 5, 481-495,
10.1364/josaa.5.000481, 1988.

Wyngaard, J. C., Izumi, Y., and Collins, S. A.: Behavior of refractive-index-structure
parameter near ground, J. Opt. Soc. Am., 61, 1646-1650, 10.1364/josa.61.001646,
1971.

DeBruin, H. A. R., vandenHurk, B., and Kohsiek, W.: The scintillation method tested
over a dry vineyard area, Boundary-Layer Meteorology, 76, 25-40, 1995.

Debruin, H. A. R., Kohsiek, W., and Vandenhurk, B.: A verification of some methods
to determine the fluxes of momentum, sensible heat, and water-vapor using
standard-deviation and structure parameter of scalar meteorological quantities,
Boundary-Layer Meteorology, 63, 231-257, 1993.

Andreas, E. L.: 1989, ‘Two-Wavelength Method of Measuring Path-Averaged
Turbulent Surface Heat Fluxes’, J. Atmos. Oceanic Tech. 6, 280-292.

Maronga, B.: Monin-Obukhov Similarity Functions for the Structure Parameters of
Temperature and Humidity in the Unstable Surface Layer: Results from High-
Resolution Large-Eddy Simulations, Journal of the Atmospheric Sciences, 71,
716-733, 10.1175/jas-d-13-0135.1, 2014.

Li, D., Bou-Zeid, E., and De Bruin, H. A. R.: Monin-Obukhov Similarity Functions for
the Structure Parameters of Temperature and Humidity, Boundary-Layer
Meteorology, 145, 45-67, 10.1007/s10546-011-9660-y, 2012.

Hartogensis, O. K., and H. A. R. De Bruin, 2005: Monin—Obukhov similarity functions
of the structure parameter of temperature and turbulent kinetic energy dissipation
rate in the stable boundary layer. Bound.-Layer Meteor., 116, 253-276.

Zhang, H., and Zhang, H.: Comparison of Turbulent Sensible Heat Flux Determined by
Large-Aperture Scintillometer and Eddy Covariance over Urban and Suburban
Areas, Boundary-Layer Meteorology, 154, 119-136, 10.1007/s10546-014-9965-8,
2015.

Braam, M., Beyrich, F., Bange, J., Platis, A., Martin, S., Maronga, B., and Moene, A.
F.: On the Discrepancy in Simultaneous Observations of the Structure Parameter
of Temperature Using Scintillometers and Unmanned Aircraft, Boundary-Layer
Meteorology, 158, 257-283, 10.1007/s10546-015-0086-9, 2016.

Lee, S.-H., Lee, J.-H., and Kim, B.-Y.: Estimation of Turbulent Sensible Heat and
Momentum Fluxes over a Heterogeneous Urban Area Using a Large Aperture
Scintillometer, Advances In Atmospheric Sciences, 32, 1092-1105,
10.1007/s00376-015-4236-2, 2015.

Thiermann, V., and Grassl, H.: The measurement of turbulent surface-layer fluxes by
use of bichromatic scintillation, Boundary-Layer Meteorology, 58, 367-389,
10.1007/bf00120238, 1992.

Li, X., Gao, Z., Li, Y., and Tong, B.: Comparison of Sensible Heat Fluxes Measured by
a Large Aperture Scintillometer and Eddy Covariance System over a
Heterogeneous Farmland in East China, Atmosphere, 8, 10.3390/atmos8060101,



2017.

Yuan, R., Luo, T., Sun, J., Liu, H., Fu, Y., and Wang, Z.: A new method for estimating
aerosol mass flux in the urban surface layer using LAS technology, Atmospheric
Measurement Techniques, 9, 1925-1937, 10.5194/amt-9-1925-2016, 2016.

3) “In L359 The conventional meteorological parameters were measured at
20m above the ground surface. But in L275, the author said that the
measurement heights of temperature and wind speed were 1.5 mand 10 m
at CAMS site (Beijing). It should be clear which data were used to
calculate the aerosol flux. Because the average height of the building was
24m in CAMS site, and LAS was located at 43meters. The temperature
measured at 1.5m within the canopy layer is different from 43m above the
canopy layer, and the calculation of aerosol fluxes from Eq. 12 was badly
influenced.”

Response: There are a few errors in depicting measurement height. The conventional
meteorological parameters are measured on the same roof, 20 meters away from the
receiving end and in the northwest direction of the receiving end. The measurement
heights were 1.5 m and 10 m above the roof for air temperature and wind speed. Please
see L336-L339.

4)  “Another issue that the authors need to address is the assumption
between AERI( atmospheric equivalent refractive index) and aerosol mass
concentration as well as aerosol adsorption. First, there do exist some
light-absorbing trace gases in the atmosphere, which may influence AERI
significantly. Second, aerosol absorption generally contributes a relatively
small part of the extinction. By contrast, scattering components like
sulfate and organic matters dominate aerosol extinction during haze
pollution episode, especially under high humidity. Last but not at least,
aerosol extinction is also closely related to the number concentration and
size distribution, which need to be considered here. I do not think it is
technically robust to simply get the relationship between the imaginary
part of the AERI and the atmospheric aerosol mass concentration in Eq.6.”

Response: The light wavelength is 0.620 um. This wavelength is only weakly absorbed
by O3; therefore, the observed absorption is primarily due to aerosol (Brion et al., 1998;
Lou et al., 2014; Nebuloni, 2005).

Aerosol extinction is also closely related to the number concentration, size
distribution, and refractive index of aerosol particles, so there is not a simple linear
relationship between the imaginary part of the AERI and the atmospheric aerosol mass
concentration in EQ.6. The variations in the ratio of the aerosol mass concentration to
the imaginary part of the AERI will introduce errors into the aerosol mass flux



measurements. Rmn should be obtained by simultaneously measuring M. and the
imaginary part of the AERI at the same location with the LAS so that real-time Rvn can
be obtained.

For GC site and CAMS site, measuring positions of PM1o and visibility are a little
far from LAS measurement. So a constant ratio Rvn IS more representative than a
simultaneous value.

Our experiment conducted in Hefei (Yuan et al. 2016) showed that the linear
correlation coefficient between PMyg and the imaginary part of the AERI is 0.94. This
indicates that constant is a reasonable assumption for a given location with a dominant
aerosol type, such as urban aerosols. Of course, when measurements for aerosol flux
using a LAS, PM10 and visibility are performed together, simultaneous value for Rvn
IS better.

Please see L234-L.236 and L408-L422.

Reference:

Brion, J., Chakir, A., Charbonnier, J., Daumont, D., Parisse, C., and Malicet, J.:
Absorption spectra measurements for the ozone molecule in the 350-830 nm region, J.
Atmos. Chem., 30, 291-299, 10.1023/a:1006036924364, 1998.

Lou, S., Liao, H., and Zhu, B.: Impacts of aerosols on surface-layer ozone
concentrations in China through heterogeneous reactions and changes in photolysis
rates, Atmos. Environ., 85, 123-138, 10.1016/j.atmosenv.2013.12.004, 2014.

Nebuloni, R.: Empirical relationships between extinction coefficient and visibility
in fog, Appl. Opt., 44, 3795-3804, 10.1364/a0.44.003795, 2005.

Yuan, R., Luo, T., Sun, J., Liu, H., Fu, Y., and Wang, Z.: A new method for
estimating aerosol mass flux in the urban surface layer using LAS technology,
Atmospheric Measurement Techniques, 9, 1925-1937, 10.5194/amt-9-1925-2016,
2016.

“Minor issues: Some statements in this manuscript are very hard to follow.
Language editing is needed for improving the accuracy of language as well as
overall readability.”

Response:  We’ve tried our best to improve the English writing in the revised
manuscript, but also a native English speaker reviewed the revised version of the
manuscript.

1) “Line 43: Please rephrase ’heavy pollution weather’”

Response: heavy pollution environment

Please see Line 45-46.



2) “Line 48: *few studies’ should be ‘few study’”

Response: We modified it.

3) “Line 72: what is the boundary layer box model? Usually box model is
zero-dimensional.”

Response: The boundary layer box model means the boundary layer is taken as a box.
The box is filled within duration T with flux F, and then flux F can be estimated by the
boundary layer box model:

F=C*HaL/t
where C was the concentration measured at 30 m height, HeL was the measured
boundary layer height averaged over the sample duration, and Tt was boundary layer
filling time.

More details is in Ceburnis et al. (2016).

| add an explanation. Please see Line 77-78.

Reference:

Ceburnis, D., Rinaldi, M., Ovadnevaite, J., Martucci, G., Giulianelli, L., and
O'Dowd, C. D.: Marine submicron aerosol gradients, sources and sinks, Atmospheric
Chemistry and Physics, 16, 12425-12439, 10.5194/acp-16-12425-2016, 2016.

4) “Line 106: should be makes it possible’”

Response: We modified it in Line 113.

5) “Eq. 11: replace z with (z-d)”

Response: We modified it. Please see Line 276.

6) “Line 304: More detail needed, not “personal experience.””

Response: We specified personal experience as ““ trend comparison for same variables
between different heights and different locations.” Please see L367-368.

7) “Line 378: weakly unstable is not free convection. The free convection



assumption was not satisfied at night.”

Response: When the free convection assumption is applied to weakly unstable
condition at night, the assumption will result in an some uncertaintie. In many cases,
similar to the LAS-derived sensible heat flux, we can only choose free convection
assumption to obtain flux. Under stable conditions or weakly unstable condition, the
value of the flux data is small and does not cause significant error. Of course, a better
approach is to get u- and T« from meteorological variable and calculate aerosol flux
according to Eq. (10). Please see L445-451.

Comments from Anonymous Referee #2:

“Quantification of the aerosol mass flux is an important topic to understand
pollutant emissions and transport over areas exposed to pollution episodes. The
study utilizes an innovative large aperture scintillometer (LAS) technique to
estimate the transport of aerosols over extended areas. The presented results are
a valuable contribution to the understanding the emissions in urban areas and
rural polluted regions.”

1) “However, since the LAS technique is semi-empirical, then additional
information on testing and evaluation of such measurements would help
to improve confidence in results and understand the underlying
uncertainties. For example, the LAS technique is capable to determine the
magnitude of the flux but not the sign. In general the aerosols are very
heterogeneous in space and the measured fluxes show typically large
variation in magnitude including the sign. Over the polluted areas, which
behave as the source, the emissions presumable overwhelmingly exceed
the deposition sinks. Therefore, for example, a rough quantification of the
deposition sink would allow to conclude that the sink term is indeed
negligible and the flux quantified by LAS can be safely assumed to
represent the upward fluxes. If available, the reference to comparison of
the LAS method results with a more direct micrometeorological
measurement would be very useful (if this was done in Yuan et al., 2016,
please mention explicitly).”

Response: Thanks for your suggestion.

We have added the statement that the sink term is indeed negligible and the flux
quantified by LAS can be assumed to represent the upward fluxes.

Please see L288-290.

At present, we have not conducted more direct meteorological measurements to
obtain aerosol fluxes, such as the use of EC methods for aerosol flux measurements.
Next, we will compare the aerosol flux obtained by LAS with the aerosol flux received
by the EC method.



2) “The manuscript would benefit also from better improved
description/definition of the heavy pollution episodes (HPEs), how they are
divided into stages of transport (transport stage TS), a cumulative stage
(CS) and a removal stage (RS), and in particular what are the prevailing
meteorological and aerosol emission/transport conditions during such
episodes. This would help readers who are not familiar with HPE
mechanisms more easily to follow the manuscript.”

Response: Based on meteorological causes of the increase or decrease in PM2s mass
concentrations, the HPEs are divided into TSs, ASs (in the new version, CS denoted as
AS by suggestion), and RSs. During the TSs, the PM> s is dominated by relatively strong
southerly winds, which carry polluted air masses from more populated southern
industrial regions (Guo et al., 2014; Zhong et al., 2018a). Before rising processes during
TSs, the urban PM..s mass concentration of Baoding, which is typically representative
of pollution conditions in the south of Beijing, was much higher than Beijing; the winds
in Beijing rapidly shifted from northerly to southerly. Then the rising in PM2s occurred,
consistently with southerly slight or gentle breezes in the BL. The southerly air mass
moves more than 288 km d* below 500 m (estimated from the measured wind speed),
which are fast enough to transport pollutants to Beijing. Such processes indicate
southerly pollutant transport is primarily responsible for the rising, given the pollution
transport pathway of the southwest wind belt determined by the unique geographic
features of the North China Plain, with the Tai-hang Mountains and the Yan Mountains
strengthening the southwest wind belt and leading the convergence of pollutant
transport in Beijing (Su et al., 2004). During the ASs, PM2 s increase is dominated by
stable atmospheric stratification characteristic of southerly slight or calm winds, near-
ground anomalous inversion, and moisture accumulation. When the vertical aerosols
are accumulated to a certain degree, the dominant scattering aerosols will substantially
back-scatter solar radiation, causing a reduction in the amount of solar radiation that
reaches the surface, which creates a near-ground cooling effect through atmospheric
circulation and vertical mixing(Zhong et al., 2018b). The temperature reduction induces
or reinforces an inversion that further weakens turbulence diffusion and results in a
lower BL height, which further worsens aerosol pollution. This condition also decreases
the near-ground saturation vapor pressure and suppresses water vapor diffusion to
increase the relative humidity (RH), which will further enhances aerosol hygroscopic
growth and accelerates liquid-phase and heterogeneous reactions to worsen aerosol
pollution (Ervens et al., 2011; Kuang et al., 2016; Pilinis et al., 1989; Zhong et al.,
2018a; Zhong et al., 2018b). This feedback effect of further worsened meteorological
conditions aggravates PMzs pollution (Zhong et al., 2017). During the RSs, strong
northwesterly winds whose velocity increases with height occur mostly. Strong
northerly winds are from less populated north mountainous areas and carry unpolluted
air masses to Beijing, which is favorable for pollution dispersion.

We have added some descriptions about three stages in the introduction. Please L135-
156 in Section introduction.



Ervens, B., Turpin, B.J., Weber, R.J., Secondary organic aerosol formation in cloud
droplets and aqueous particles (agSOA): a review of laboratory, field and model
studies, Atmos. Chem. Phys. 11(2011), 11069-11102.

Guo, S. et al., Elucidating severe urban haze formation in China, Proc. Natl. Acad. Sci.
U.S.A. 111(2014), 17373-17378.

Kuang, Y., Zhao, C.S., Tao, J.C., Bian, Y.X., Ma, N., Impact of aerosol hygroscopic
growth on the direct aerosol radiative effect in summer on North China Plain,
Atmospheric Environment 147(2016), 224-233.

Pilinis, C., Seinfeld, J.H., Grosjean, D., Water content of atmospheric aerosols, Atmos.
Environ. 23(1989), 1601-1606.

Su, F, Gao, Q., Zhang, Z., REN, Z.-h., YANG, X.-x., Transport pathways of pollutants
from outside in atmosphere boundary layer, Res. Environ. Sci. 1(2004), 26-29.

Zhong, J. et al.,, Feedback effects of boundary-layer meteorological factors on
cumulative explosive growth of PM2.5 during winter heavy pollution episodes
in Beijing from 2013 to 2016, Atmos. Chem. Phys. 18(2018a), 247-258.

Zhong, J., Zhang, X., Wang, Y., Liu, C., Dong, Y., Heavy aerosol pollution episodes in
winter Beijing enhanced by radiative cooling effects of aerosols, Atmos. Res.
209(2018b), 59-64.

Zhong, J. et al., Relative contributions of boundary-layer meteorological factors to the
explosive growth of PM 2.5 during the red-alert heavy pollution episodes in
Beijing in December 2016, J. Meteorolog. Res. 31(2017), 809-819.

3) “According the author the TS is the period when the pollution over the
measurement location was mainly contributed by the downwind pollution
sources. But presumable also the local sources were also a significant
contribution because the aerosol fluxes did not differ much in magnitude
from subsequent phases. The CS (perhaps would be better to call
accumulation stage?) represents the period of rapid accumulation of
pollutants and it is not evident of this occurs because of downwind
transport of pollutants trapped in the atmospheric boundary layer or local
emissions or both. Therefore, it is not clear if the stage differs from the TS
in terms of location of emission sources or difference is made by the
meteorological conditions favouring accumulation of the pollutants in the
ABL. Regarding the RS, presumably the pollutant concentrations drop
due to the atmospheric mixing and transport to higher levels. The other
possibility is removal by scavenging or dry deposition. Dry deposition
however is a slow process and also the results do not support such
assumption (up-ward fluxes in Figs. 5 and 6 during the RS). ”

Response: After a series of measures and actions, including air pollutant emission
reduction, energy structure adjustments to decrease the dependence on fossil fuels, and
other supportive policies, the emission sources in Beijing are strikingly less than the
polluted southern industrial regions with large anthropogenic emissions. Therefore, the
contribution of local emissions in Beijing is relatively smaller than that in the other



areas such as Baoding.

The TS will appear before CS. The south or southwest wind will always appear in
the TS, and the concentration of PM10 in Baoding is higher than the concentration of
PM10 in Beijing, which is generally maintained for one to two days.

Except for the southerly or southwesterly winds for one to two days, there will be
no CS in Beijing. Even if it is a southerly or southwesterly wind, if the wind speed is
too small (<1ms-1), AS will not appear. Only the southerly or southwesterly wind with
a wind speed higher than a specific value (>1.5ms-1), and the concentration of PM2.5
in the area to the south of Beijing is higher than that in Beijing, and then there will be
CS after a small wind.

Therefore, the main reason for the explosive growth of aerosol concentration
during CS is that explosive growth is attributed to the horizontal transport during TS.

Please L591-603.

4) “The explanation in I. 425 is confusing as if the particles are removed from
the atmosphere and reduction in pollutants does not occur because of the
atmospheric mixing (and upward transport of aerosols). «

Response: We modified the expression.

During the RSs, strong northwesterly winds whose velocity increases with height
occur mostly. Strong northerly winds are from less populated north mountainous areas
and carry unpolluted air masses to Beijing, which is favorable for pollution dispersion.

Please L154-157.

5) “In relation to interaction between the aerosol pollution and meteorology,
the authors suggest in the abstract (and I. 498-500) that the aerosol
pollution had an effect to turbulence intensity leading to further
weakening of mixing and increased accumulation. Such effect is not
directly evidenced by the results in the manuscript (or cannot be
distinguished) and should be further supported by the literature
references rather than stated as the result.”

Response: Based on the results in the manuscript, the effect of the aerosol pollution
cannot be drawn out to turbulence intensity leading to further weakening of mixing and
increased accumulation.

Based on our measurement, it can be seen that from the TS to the AS, the aerosol
vertical turbulent flux decreased, but the aerosol particle concentration within surface
layer increased, and it is inferred that in addition to the contribution of regional transport
from upwind pollution areas during the TS, suppression of vertical turbulence mixing
confining aerosols to a shallower boundary layer increased accumulation.

We modified some expression. Please see L580-584.

“The manuscript would benefit also from numerous minor improvements



and language editing. Please see my specific comments below.”

Specific comments
1) “Line 28-29, sentence difficult to follow, please revise.”

Response: The sentence means a weakened turbulence intensity and low vertical
aerosol fluxes in winter and polluted areas such as GC

We revised. Please see L28-29.

2) “L. 35-36, the statement is vague, see also general comments.”

Response: The sentence is just a reference, not a conclusion. So the sentence is deleted.

3) “L.60-61 “the consumption of a product” — revise phrasing”

Response: expressed as “product energy consumption”. Please Line 62-63.

4) “L.77-79: the EC method has been used already for decades to quantify
the aerosol particle number fluxes. As an example of earlier studies, see
e.g. Buzorius, G., Rannik, U., M&kelg J.M., Vesala, T., Kulmala, M., 1998.
Vertical Aerosol particle fluxes measured by eddy covariance technique
using condensational particle counter. J. Aerosol Sci., 29, 157-171.”

Response: The manuscript was revised according to the comment. Please see line 86-
87.

5) “L. 80, The EC method enables to determine the vertical turbulent flux,
which can be different from total vertical transport. Also, the flux is
provided by the cross-covariance (and not correlation).”

Response: “eddy correlation” modified to “eddy covariance”

6) “L. 82-83, the EC principle allows to quantify the number flux from
fluctuation measurements, rephrase the sentence.”

Response: Based on EC principle, the vertical velocity fluctuations and the fluctuations



in the aerosol particle number density can be measured, and the EC principle allows to
quantify the number flux from fluctuation measurements.

We modified the sentences. Please see Line 88-89.

7) “L. 105, The eddy correlation principles have been widely used (or
something likethis, revise the sentence).”

Response: “eddy correlation” modified to “eddy covariance.”

8) “L. 126 how much the surface emissions contribute to the concentration
of pollutants”

Response: At present, the question cannot be answered. We hope that with the
measurement of the near-surface aerosol vertical flux, the results will help understand
the accumulation of local aerosol concentrations, how much the surface emissions
contribute to the level of pollutants, and how much the concentration of pollutants is
attributed to upwind areas. This article does not discuss this issue for the time being.
We will combine the data from the lidar and present it in a later article.

9) “L. 142-143, phrasing is not good. Rather the transport properties or the
statistical aerosol transport is similar to that of scalars? In fine detail the
aerosol motion can be different from the air motion and the statement is
not strictly correct.”

Response: The spectral characteristics of aerosol number concentration fluctuations
approximate the spectral characteristics of molecular density fluctuations.

Please see Line 175-176.

10) “L. 166-167, temperature is not a passive atmospheric constituent because
buoyancy affects strongly the motion of air. Also “distribution” does not
seem relevant but maybe just “small particles”. Rather say that similarity
of atmospheric aerosols and temperature can be assumed for the purpose.”

Response: You are very kind and helpful for the manuscript. Please see Line 206-207.

11) “L. 173 “aerosol particles are continuously dispersed in the air”, the
meaning and purpose of this sentence is not clear.”



Response: Although the aerosol particles are dispersed in the air, the macroscopic
behavior of the gas-particle two-phase mixture is the same as if it is perfectly
continuous in structure and physical quantities, such as the mass and refractive index
associated with the matter contained within a given small volume, which will be
regarded as being spread continuously over that volume.

We modified the manuscript. Please see Line 213-216.

12) “L. 192, Correct R_{MN}”

Response: We Modified it.

13) “L. 209-212, please provide reference and/or explanation for the relation
between the high/low frequency fluctuations and the real/imaginary parts
of the AERI.”

and C,

Response: C;R can be measured by a specially made LAS (Yuan et al., 2015).

e m

After a spherical wave propagates over a distance in a turbulent atmosphere, the light
intensity on the receiving end will fluctuate. When the attenuation caused by scattering
and absorption along the propagation path is very weak, light intensity fluctuation
depends on the variation of the real part of the AERI along the propagation path. When
the attenuation caused by scattering and absorption along the propagation path is
relatively strong, the light intensity fluctuation is also related to the fluctuation of the
imaginary part of the AERI along the propagation path. With the spectral analysis
method, the LAS light intensity fluctuations can be separated into the contributions of
the real and imaginary parts of the AERI. The input of the real part of the AERI
corresponds to the high frequencies, whereas the participation of the imaginary part of
the AERI corresponds to the low frequencies, suggesting that the variances resulting
from the real and imaginary parts are independent. Therefore, the light intensity
variances induced by the real and imaginary parts can be detected separately at high
frequencies and low frequencies from the LAS measurements (Yuan et al. 2015).

We added the explanation. Please Line 257-271.

14) “L. 225, turbulent fluctuations of what?”

Response: Temperature



15) “L. 297, e.g. stands for “for example”, not relevant here.”

Response: Namely

16) “L. 309-310. The method for judging.. sentence difficult to follow,
rephrase.”

Response: The 6-point moving average is done for the trend.

17) “L. 315, how was “mean of the adjacent difference” defined, based on the
moving average or how? Improve wording of the sentence.”

Response: The difference between adjacent moments is denoted and abbreviated as
AMD. We have modified the sentences.

We modified the paragraph. Please Line 373-385.

18) “L. 321-321, is the exact shape of the spectrum relevant? Or the method
relies purely on the Kolmogorov’s power laws of the spectra?”

Response: The theoretical expression for the relation between light scintillation and the
structure parameter are based on von Karman spectrum. It is assumed that the actual
turbulence is accord with von Karman spectrum, and then the parameters are calculated.
The deviation from the assumption will cause the error.

We modified the sentence. Please see Line 619-620.

19) “L. 328, “heavy pollution weather conditions “is a bit weird, please
rephrase”

Response: under heavy pollution weather conditions modified as during heavy
pollution episodes (HPESs). Please see Line 397.

20) “L. 361, rather the wind direction varied throughout day? there was no
dominant wind direction”



Response: The wind direction has diurnal variation characteristics, which are related to
the sea-land breeze, valley wind and urban heat island circulation which may exist
under the control of weak weather system.

Please see Line 433-435.

21) “L. 368-374. The “free convection” conditions are not always easily
satisfied. Free convection means that the buoyancy-driven turbulence
dominates over mechanical turbulence and this is not just the unstable
conditions but the free convective limit of the unstable conditions. Please
clarify and evaluate the uncertainties introduced by such assumption.”

Response: At the CAMS site, local turbulence and local stability parameter
measurements cannot be implemented. So we can only choose an alternative, and used
the meteorological data (temperature) measured at nearby observation points, then
based on the free convection assumption (using Equ. 12) the aerosol fluxes at the
CAMS site were calculated. We (Yuan et al, 2015) conducted a test experiment for
vertical aerosol flux in Hefei City, China, using free convection assumptions and local
similarity theories to calculate aerosol fluxes. Comparison of the calculation results of
the two methods shows that precarious condition, -0.15 < (z-z4) / L < 0, accounts for
about 62 % of the time, and the relative difference is about 5%. Under weak unstable
and stable condition, the relative error is about 15%. Although the relative error is a
little significant under weak unstable stable stratification conditions, the absolute
difference in flux is still small.

We added some explanation. Please see L445-451.

22) “L. 421, southerly wind conditions”

Response: southerly wind

23) “Figures 3-6, the square value of the structure parameter is plotted
according to label in y-axis of the relevant subplots.”

Response: Regarding the naming of C, and C?, | checked it. In the book of Monin and
Yaglom (1975) and the book of Tatarskii (1961), there is no name for C, and Cn2. In
later books, different books have different names. For example, in Ishimaru (1978), C,
is called a structure parameter, and Cy? is also called a structure parameter. In Andrews
and Phillip (2005), Cn? is called a structural parameter. Considering that we have always
called Cn? as a structural parameter (Yuan et al.,2015; Yuan et al. 2016), and in the



application of C,2 it generally appears in the form of C.2, | will refer to Ci2 as a
structural parameter in this manuscript.

24)

Andrews, L. C., and Phillips, R. L.: Laser beam propagation through random media,
SPIE, 2005.

Monin, A. S., and Yaglom, A. M.: Statistical fluid mechanics: Mechanics of
turbulence, MIT Press, Cambridge, Massachusetts, 874 pp., 1975.

Ishimaru, A.: Wave propagation and scattering in random media, Oxford
University Press, Walton Street, Oxford OX2 6DP, 590 pp., 1978.

Tatarskii, V. I.: Wave Propagation in a Turbulent Medium, McGraw-Hill Book
Company Inc., New York, 285 pp., 1961.

Yuan, R., Luo, T., Sun, J., Liu, H., Fu, Y., and Wang, Z.: A new method for
estimating aerosol mass flux in the urban surface layer using LAS technology,
Atmospheric Measurement Techniques, 9, 1925-1937, 10.5194/amt-9-1925-2016,
2016.

Yuan, R., Luo, T., Sun, J., Zeng, Z., Ge, C., and Fu, Y.: A new method for
measuring the imaginary part of the atmospheric refractive index structure
parameter in the urban surface layer, Atmospheric Chemistry and Physics, 15,
2521-2531, 10.5194/acp-15-2521-2015, 2015.

“Discussion and conclusions: how do the measured aerosol mass-fluxes
compare with relevant literature values and/or earlier measurements and
typical emission estimates? Please discuss this how to results contribute to
understanding of pollution emissions.”

Response: Compared to the results (Yuan et al. 2016) from Hefei, China, a small and
medium-sized provincial capital city in East China, the measured aerosol mass-fluxes
in Beijing are almost at the same amount. A series of measures and actions have been
made for emission reduction in Beijing, and the primary emission is from vehicles. The
difference in aerosol mass flux may be small.

We added some discussion. Please Line 604-607.

Finally, the authors thank the two referees for their constructive comments that help us
to improve the clarity and the quality of the manuscript greatly. All the comments are
answered and the modifications introduced in the revised manuscript correspondingly.
We sincerely hope our answers can relieve doubts and give a better description of our
work.
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Abstract:

Due to excessive anthropogenic emissions, heavy aerosol pollution episodes (HPEs) often<
occur during winter in the Beijing-Tianjin-Hebei (BTH) area of the North China Plain. Extensive
observational studies have been carried out to understand the causes of HPEs; however, few
measurements of aerosel-vertical _aerosol fluxes exist, despite them being the key to understanding
vertical aerosol mixing, specifically during weak turbulence stages in HPEs. In the winter of 2016
and the spring of 2017, based on the light propagation theory and surface-layer similarity theory,
aerosol vertical mass fluxes were measured by combining large aperture scintillometer (LAS)
observations, surface PM,s and PMiy mass concentrations, and meteorological observations,
including temperature, relative humidity (RH), and visibility, at a rural site in Gucheng (GC), Hebei
Province, and an urban site at the Chinese Academy of Meteorological Sciences (CAMS) in Beijing
located 100 km to the northeast. These are based on the light propagation theory and surface-layer
similarity theory. The near-ground aerosol mass flux was generally lower in winter than in spring
and weaker in rural GC than in urban Beijing. This finding provides direct observational evidence
from-the-perspective-ofvertical-aerosol-fluxesfor a weakened turbulence intensity and low vertical
aerosol fluxes in winter and-in polluted areas such as GC. The HPEs included a transport stage (TS),
an accumulative stage (AS), and a removal stage (RS). During the HPEs from 25 January-25; 2017
to January 31, 2017, in Beijing, the mean mass flux decreased by 51% from 0.0049 mg ms? in
RSs to 0.0024 mg m?s in the TSs. During the ASs, the mean mass flux decreased further to 0.00087
mg m%s, accounting for approximately 1/3 of the flux in the TSs. A similar reduction from the TSs
to ASs was observed in the HPE from 16 December 16,-2016 to 22 December 222016 in GC. The

weakened-mass-flux-indicateslt can be seen,that from the already weak turbulence would-be further
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increased, and it is inferred that in addition to the contribution of regional transport from upwind
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1 Introduction

Recently, due to the country’s rapid development of industrialization and urbanization, China
has experienced heavy aerosol pollution episodes-(HPEs);, particularly in the Beijing, Tianjin and
Hebei (BTH) region, which is one of the most polluted areas in China (Zhang-et-al-2012)(Zhang
et al., 2012). The HPEspollution episodes often last for a long duration in the BTH region and cover
a wide area, particularly in winter; they also severely reduce near-ground visibility {-ei—and
Wauebbles;2013)(Lei and Wuebbles, 2013) and can have detrimental effects on public health {He-et
al—2018:Cag—et—ak,—2012)(He et al, 2018;Cao et al., 2012). This heavy pollution
weatherenvironment has received extensive attention in recent years and many observational
studies have been carried out : -
%&Zh%g%%%@@gb%w@%—zei@(zmnq et al., 2018b; Sun et al., 2014; Wang et aI.,
2015; Guo et al., 2011; Zhang et al., 2009b; Huang et al., 2014). Modelling studies have also been
performed to examine the regional transport of pollutants (\Wang-et-al—2014)(Wang et al., 2014)
and to study the important role of large-eddy convective turbulent mixing in the vertical transfer of
pollutants from a field campaign in Beijing {Li—et-al—2048)(Li et al., 2018). However, few
stugiesstudy on the turbulence contribution of the aerosol transpertturbulent flux in the surface layer
havehas been conducted.

Ground pollutant emissions are known as the main source of aerosols in the atmosphere.
However, in previous studies, no measurements of ground emissions during heavy pollution events
were collected. Surface emission data are currently required for model verification and pollution
predictions, and these data are primarily obtained through emission inventories (\Wu-etak2012:(\Wu
etal., 2012; Bond et al., 2004). The establishment of emission inventories is primarily based on
emission activity and emission factor (EF) data {Akagi-et-ak—2011:Luetal,2011:Roden-et-ak;
2006;Zhang-and-Tae,2009)(Akagi et al., 2011; Lu et al., 2011; Roden et al., 2006; Zhang and Tao,
2009). Emissions data are mainly obtained from statistical yearbooks (Zhang-et-al—2009a)(Zhang
etal., 2009a). Some studies have used fixed EFs while others have implemented dynamic EFs (Bond
et al., 2004;Zhang-et-al-2009a); Zhang et al., 2009a). Many factors are considered in dynamic EFs,
such as the size of a city, the degree of economic development, the type of fuel, the typekind of
technology, theproduct energy consumption-of-a-produet, the control technology, and so on, as well
as estimates based on actual measured meteorological parameters and aerosol parameters {Chen-et

= : ; = : = (Chenet al., 2015;Karvosenoja et al., 2008;Shen
et al., 2013). A numerical model has also been used to estimate average fleet emission factors in
typical urban condltlons G4e&e#e%al—299344ree#e%al—2@%8}(mtzel et aI 2003; Krecl et al.,

2018)- d .
2017 Zheng-et-ak—2017). The uncertainties in the emissions of primary aerosols for inventories are

much high due to the highly uncertain contributions from the residential sector (Li et al., 2017), and
the error in aerosol fluxes based on the use of emission inventories is huge (Liu et al., 2017;Zheng
etal., 2017). Emission inventories constructed using the EF method provide only the total emission

amount of atmospheric pollutants within a region. However, the emission data should be gridded to
2
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a suitable scale for air quality medellingmodeling and pollution predictions. Thus, near-surface
aerosol emission data with a higher temporal and spatial resolution are urgently needed.

Many methods have been used to obtain aerosol flux data. For the upward transport of aerosols
near the surface layer, the aerodynamic methedapproach was adopted in the early years;-ane-the.
The aerosol concentration gradient at different heights was measured and then calculated based on
the similarity theory of the near-surface layer or calculated by the boundary layer box model, which
can be based on meteorological data and the boundary layer is taken as a box {Ceburnis—et-ak;
2016;Hoeurdin-et-al—2015:Zhang-and-LH—2014)(Ceburnis et al., 2016;Hourdin et al., 2015;Zhang

and Li, 2014). The emission rates of bioaerosols were also estimated from spore counts and

molecular tracers {Elbert—et—al—2007)(Elbert et al., 2007). The abundance of microbes and

meteorological data were measured, and an estimate may be derived effrom the sea-air exchange of

microorganisms {(Mayeletal2014)(Mayol et al., 2014).

condensational particle counter, abbreviated as CPC by TSI), the eddy covariance (EC) method has

been applied, and measurements of the aerosol particle number flux have become possible (Buzorius
et al., 1998). The vertical turbulent flux of the aerosol particle number density F, is denoted as a
cross-covariance between the aerosol particle number concentration N' and the vertical wind speed
w' (Ripamonti et al., 2013). To obtain vertical turbulent flux of the aerosol number density, the EC
principle allows quantifying the number flux from fluctuation measurements. As a result, the
vertical turbulent flux of the aerosol particle number density has been measured in many cities, such
as in Toronto, Canada (Gordon et al., 2011), Stockholm, Sweden (Mogt et al., 2011b), Helsinki,
Finland (Ripamonti et al., 2013), London, UK (Harrison et al., 2012), the Blodgett Forest
Observatory in the United States (Farmer et al., 2011), and measurements of sea salt aerosol fluxes
in northern Europe (Brooks et al., 2009;Sproson et al., 2013). These results have shown the

3
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quantitative relationship among urban aerosol fluxes, urban vehicle emissions, and meteorological
conditions (Jarvi et al., 2009) and have been used to determine transport characteristics of sea salt
aerosol and provide further knowledge of aerosol properties (Nemitz et al., 2009). These
measurements have been mainly collected in cities because of their anthropogenic contributions to
aerosol emissions. These data can be used as routine model inputs. Direct eddy covariance
measurements of aerosol exchanges in tropical forests, where primary biological aerosol particles
represent a substantial fraction of the airborne particulate matter (Graham et al., 2003), were also
performed by Ahlm et al. (Ahlm et al., 2010a;Ahlm et al., 2010b) and Whitehead et al. (Whitehead
et al., 2010), potentially giving a proxy for microbial emissions in tropical ecosystems.

Although measurements of urban aerosol particle number density fluxes have been collected,
the current eddy cerrelationcovariance method only provides fluxes for the aerosol particle number
density at a point. We know that the underlying surface of a city is very complex, and thus the
aerosol particle flux is not homogeneous in the horizontal. For a complex underlying surface such
as a city, these point measurements are not very representative. Therefore, it is of great importance
to design an aerosol flux measurement system with an accurate spatial representation.

The use of eddy ecerrelationcovariance principles to measure sensible heat fluxes has been
widely performed {Lee;-2004)(Lee, 2004). Current sensible heat fluxes can also be obtained using
a large aperture scintillometer (LAS) based on the light propagation theory and similarity theory
{Zeweldi-et-al—2010)(Zeweldi et al., 2010). This configuration makes it-is possible to achieve
aerosol mass flux measurements using the light propagation theory and similarity theory. Recently,
we measured the imaginary part of the atmospheric equivalent refractive index structure parameter
based on the light propagation theory {Yuan-etal2015)(Yuan et al., 2015). The results showed that
the imaginary part of the atmospheric equivalent refractive index structure parameter is related to
turbulent transport and the spatial distribution characteristics of aerosols. Experiments also showed
that there is a strong correlation between the imaginary part of the atmospheric equivalent refractive
index and the mass concentration of aerosol particles {Yuan-et-al—2016)(Yuan et al., 2016). Thus,
similar to the temperature structure parameter reflecting the sensible heat flux, the structural
parameter of the imaginary part of the atmospheric equivalent refractive index can reflectreveal the
mass flux of aerosol particles. This paper attempts to measure the aerosol mass flux in the BTH area,
especially during heavy aerosol pollution episodes.

Generally, based on the PM, 5 daily mean mass concentration limit in the primary standard of

China’s national environmental quality standards (EPD, 2012), a pollution episode is referred to as
the period during which the PM s concentration exceeds 80 g m for 3 consecutive days between
two clean periods, while a period when the PM s level is less than 35 pg m is defined as a clean

4
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period. Pollution episodes with peak PM, s values of more than 400 pg m™ or less than 300 g m®
are termed heavy-pollution episodes (HPES) or light-pollution episodes (LPES), respectively (Zhong
et al., 2017b).

To gain a deeper understanding of the interaction between atmospheric heavy pollution and
weather in the BTH region, joint observations have been carried out in the BTH region since the
winter of 2016 (Zhong et al., 2018c;Zhong et al., 2018b;Wang et al., 2018;Shen et al., 2018). Based
on meteorological causes of the increase or decrease in PM2.5 mass concentrations, an HPE in the
BTH region can be divided into a transport stage (TS), an accumulative stage (AS) and a removal
stage (RS). During the TS, the PM2.5 is dominated by relatively strong southerly winds, which carry
polluted air masses from more populated southern industrial regions (Guo et al., 2014; Zhong et al.,
2018a). Before rising processes during TSs, the urban PMy s mass concentration of Baoding, which
is typically representative of pollution conditions in the south of Beijing, was much higher than
Beijing; the winds in Beijing rapidly shifted from northerly to southerly. Then the rising in PM2s
occurred, consistently with southerly slight or gentle breezes in the BL. The southerly air mass
moves more than 288 km d* below 500 m (estimated from the measured wind speed), which are
fast enough to transport pollutants to Beijing. Such processes indicate southerly pollutant transport
is primarily responsible for the rising, given the pollution transport pathway of the southwest wind
belt determined by the unique geographic features of the North China Plain, with the Tai-hang
Mountains and the Yan Mountains strengthening the southwest wind belt and leading the
convergence of pollutant transport in Beijing (Su et al., 2004). During the ASs, PMy s increase is
dominated by stable atmospheric stratification characteristic of southerly slight or calm winds, near-
ground anomalous inversion, and moisture accumulation. When the vertical aerosols are
accumulated to a certain degree, the dominant scattering aerosols will substantially back-scatter
solar radiation, causing a reduction in the amount of solar radiation that reaches the surface, which
creates a near-ground cooling effect through atmospheric circulation and vertical mixing (Zhong et
al., 2018c). A feedback effect of further worsened meteorological conditions aggravates PMos
pollution (Zhong et al., 2017a). During the RSs, strong north-westerly winds whose velocity
increases with height occur mostly. Strong northerly winds are from less populated north
mountainous areas and carry unpolluted air masses to Beijing, which is favorable for pollution
dispersion. The observations reveal the large-scale and mesoscale transport processes of aerosols
between HPEs in the BTH region in the winter of 2016. However, during HPEs, no research has
been conducted in the BTH area on quantifying the contribution of surface emissions to the
concentration of pollutants. In this study, we focus on aerosol emission during HPEs through field
observations of aerosol turbulent based on the light propagation theory and surface similarity in the
Beijing urban district and Gucheng suburban area.

The second section of this paper introduces the theory of aerosol vertical transpertturbulent
flux measurements, the third section introduces the experiment, the fourth section gives the
experimental results, and finally, the conclusion and discussion are presented in the fifth section.

2 Theory and methods

The theseryargument for calculating the vertical flux of aerosol particles and the theeryapproach
for calculating the friction velocity and characteristic temperature using the temperature and wind
profiles is presented in the following subsections.
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2.1 Calculation of the aerosol mass vertical flux
According to the micrometeorological principle (SteH—1988)(Stull, 1988), similar to the
estimation method of the sensible heat flux, the aerosol flux Fa can be obtained as follows:

F,=u.M. @

where U, is the friction velocity, which can be obtained from the temperature and wind speed

profiles or directly from three-dimensional wind speed measurements; see Sec. 2.2. Prior
experiments have shown that the metionspectral characteristics of aerosol particles—in—the

atmespherenumber concentration fluctuations approximate the metionspectral characteristics of

generalsealarsmolecular density fluctuations. (Martensson et al. 2006; Vogt et al. 2011b). Therefore,

aerosol particles can be approximated as scalars for turbulent statistics, and characteristic parameters

M, similar to the scalars can be introduced, which can be regarded as the atmospheric aerosol mass

concentration scale in the surface layer and deduced from surface layer similarity theory. This
approximation is similar to the surface-layer temperature scale {StuH-2988)(Stull, 1988) as follows:

C2(z-d)*

i =n($) @

where z is the measurement height, d is the zero-displacement height (Evans—and-De Bruin;
2011 Hartegensis-etal2003)(Evans and De Bruin, 2011; Hartogensis et al., 2003), =(z-d)/L is the

nondimensional stability parameter, L is the Monin-Obukhov (M-OMO) length and defined as

T 2
Lo Tu,
xgT,

{Stul—1988)(Stull, 1988), T is the average temperature, T, is the surface-layer

characteristic temperature, « is the von Karman constant, which is 0.4, and g is acceleration due to

gravity. The stability function (77(£)) can be expressed as follows depending on the stability

condition (DeBruin-et-ak1995)(DeBruin et al., 1995):

() =al-a,™ ®)
for unstable conditions (¢<0), and the following:
n(&) =hl+b,(£)*] @

for stable conditions (¢ >=0) (Wyngaard et al., 1971).
I-Egs—3)-and-(4)araxbi-b-and-e-are-constants—and-different-experiments-have-provided
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parameters-a;=4-9-a,=9h1=5-and-b,=0-(BeBruin-et-al-1995)

In Egs. (3) and (4), ai, ay, by, b, and e; are constants, and different experiments have provided
different values, although the differences between these results are small. It is assumed that the
aerosol mass concentration fluctuation characteristics are the same as the temperature fluctuation
characteristics and the same similarity law of Eq. (2) is satisfied. Therefore, based on the

) C-? (Z _ d )2/3 ) )
experimental data, the values of (—§) and T, are calculated using various schemes.
]7 N

After comparing the differences between the two, the scheme of DeBruin et al (DeBruin et al., 1995)
with a:=4.9, a,=9, b1=5, and b,=0 is taken with a minimum difference.

C:,, in Eqg. (2) is the aerosol mass concentration structure parameter. \We assume that the

aerosol particles in the atmosphere follow the movement of the air and satisfy the turbulent motion
law. Previous studies have shown that the particle concentration fluctuation spectra follow a ‘-5/3’
power law under unstable stratification conditions (Martensson et al., 2006; Vogt et al., 2011b), and
the velocity-concentration co-spectra follows a ‘-4/3* power law {Martenssen-et-al—2006:\Vogt-et
al;—2011a; Kaimal-et-al—1972)(Martensson et al., 2006; Vogt et al., 2011a; Kaimal et al., 1972).
Thus, the—emabutensimilarity, of srolbarieossennbecopsidored s cepsopriive nastius

quantity-analogeus-to-theatmospheric aerosols and, temperature_can be assumed for the purpose.

Then, at a separation (r) of the order in the inertial subrange in a locally isotropic field, the aerosol

mass concentration (denoted as Ma) structure function (Dwm(r)) follows a “2/3 law” {AWAmgaard;

ngaard, 2010) and can be expressed as D, (r) =[M_(x) =M _(x+r)]F =C?r**, where x
2010) p w (N =M, (x)-M_( ) "

is the position vector, r is the separation vector, and the overbar indicates the spatial average.

The following describes the method to deduce the aerosol mass concentration structure

2
parameter C,, .

air-Although the aerosol

particles are dispersed in the air, the macroscopic behavior of the gas-particle two-phase mixture is

the same as if it is perfectly continuous in structure and physical quantities, such as the mass and

refractive index associated with the matter contained within a given small volume, which will be

regarded as being spread continuously over that volume. The aerosol particles and gases in the

atmosphere can be considered as an equivalent medium, and an atmospheric equivalent refractive
index (AERI) neq is introduced that contains the real part ne and the imaginary part nim of the

equivalent refractive index. Thus, nequ=nre+inim. For visible light, the attenuation of light by gases
7
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268 in the atmosphere is very weak; the cause of the attenuation is the absorption and scattering due to
269  aerosol particles. Therefore, the real part of the equivalent medium of aerosol particles and gases is
270  determined by the gas composition of the air. The fluctuation of the real part is mainly determined
271 by temperature fluctuations; the imaginary part is determined by the aerosol particles, and the
272 fluctuation of the imaginary part is determined by fluctuations in the aerosol concentration.

273 For visible light, there is a strongrobust linear relationship between the variation of the real

oT
274  part of the AERI and the variation of the atmospheric temperature, e R_—=—— namely,
ONpe

oT
=—— thus, we have the following:
ONge

275

™

752x10° | T°
2 P

276 R, =-129x 10° x (1+ (5)

2

277  which is based on the relationship between the real part of the AERI (nre) and atmospheric+ (W#HR: BOEMBERG: 0 B

278  temperature {Fatarski—1961)(Tatarskii, 1961). Because the wavelength is deterministic, the ratio
279 Ry can be obtained by measuring the atmospheric temperature. The imaginary part of the AERI
280  (nim) has a close correspondence with the extinction coefficient of the equivalent medium, and the
281  extinction coefficient is inversely proportional to the visibility. The light wavelength is selected as
282  0.620 um. This wavelength is only weakly absorbed by Os; therefore, the observed absorption is
283  primarily due to aerosol (Brion et al., 1998; Lou et al., 2014; Nebuloni, 2005). Higher concentrations
284  of aerosols in the atmosphere are related to lower visibility and vice versa; thus, the relationship
285  between the imaginary part of the AERI and the atmospheric aerosol mass concentration can be
286  established. The ratio of the atmospheric aerosol mass concentration to the imaginary part of the
287  AERI Run can be defined as follows:

Ma

288 R =—. ©®)
nlm

289 Theoretical analysis has revealed that Rwn is associated with the aerosol particle size

290  distribution, mass density of the aerosol particles, and the aerosol particle refractive index. Because
291  of the relatively small variations in particle size and aerosol refractive index {(Bubevik—etak;

292 2002)(Dubovik et al., 2002), Rumn can be treated as a constant for surface-layer aerosols at a given

293 location. Of course, Run_can be obtained by simultaneously measuring Ma and the imaginary part

294  of the AERI, so that real-time Run can be obtained. Ma approximates the PMyo value. The variable

295  nim can be calculated as follows (Yuan-etal;-2016)(Yuan et al., 2016):




296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

_0.55e-6 3912

O]
Im 4” LV
where the unit of visibility (Ly) is m.
According to Egs. (5) and (6), we have the following:
CT2 = RTZNCnZ.Re ®
C, = Rr\ZANCilm )

Thus, the temperature structure parameter C7% and the aerosol mass concentration fluctuation
structure parameter Cy’® are converted into the measurement of the real and imaginary

structurelstructural parameters of the AERI, namely, Cnge? and Cnim? respectively.

The measurement of relevant parameters is performed based on the light propagation theory.

When light is transmitted in an equivalent medium, the AERI fluctuation will cause light

fluctuations in light intensity. FheereticalWhen the attenuation caused by scattering and
experimental-results-have-shown-that-the-absorption along the propagation path is very weak, light
intensity fluctuation
high-frequencyfluctuations—are-determined-by-fluctuationsdepends on the fluctuation of the real
part of the AERI—and-the-low-frequency-fluctuations-are-determined along the propagation path.

When the attenuation caused by fluctuationsscattering and absorption along the propagation path is

relatively strong, the light intensity fluctuation is also related to the fluctuation of the imaginary part

of the AERI- along the propagation path. With the spectral analysis method, the LAS light intensity

fluctuations can be separated into the contributions of the real and imaginary parts of the AERI. The

contribution of the real part of the AERI corresponds to the high frequencies, whereas the

contribution of the imaginary part of the AERI corresponds to the low frequencies, suggesting that

the variances resulting from the real and imaginary parts are independent. Therefore, the light

intensity variances induced by the real and imaginary parts can be detected separately at high

frequencies and low frequencies from the LAS measurements (Yuan et al., 2015). Thus, the real and

imaginary structure parameters of the equivalentrefractive-indexAERI can be calculated by our
developed LAS.

So far, we have completed the estimation of the aerosol mass transpertturbulent flux.

According to the previous derivation and analysis, there are two calculation schemes for
9
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determining the aerosol mass flux as follows:

2
Fau= (@)“Z Ry 1 (10)
Cn.Re RTN
2,23 CZ 7—d)??
F-u. [cM =" R nim(Z2—d)
n($) n($)

(11)

When the free convection approximation (—& 1) is assumed, based on the definition of the

M-O length, and the similarity theory (A/yngaard-etal;1974)(Wyngaard et al., 1971), the following

can be obtained:

Faaza(_%)”zR%’,f(Cz AR (C2, P2 (2 —d) 12)

n,Re n,Im

where the coefficient a= af’ 4a1; 262 can be taken as 0.567 {DeBruin-et-al—1995;Lagouarde-et

al-2006)(DeBruin et al., 1995; Lagouarde et al., 2006). Eqgs. (10)-(12) are the theoretical basis for
the aerosol mass flux measurements.

According to Egs. (10)-(12), the vertical transpertturbulent flux of aerosol particles is related
to the strength of turbulent fluctuations of temperature and aerosol mass concentration fluctuations.

Based on the discussion above, the LAS technique is capable to determine the magnitude of
the flux but not the sign. In general, the aerosols are very heterogeneous in space and the measured
fluxes show typically large variation in magnitude including the sign. Over the polluted areas, which
behave as the source, the emissions presumable overwhelmingly exceed the deposition sinks
(Ripamonti et al., 2013). Therefore, a rough quantification of the deposition sink would allow
concluding that the sink term is negligible and the flux quantified by LAS can be assumed to
represent the upward fluxes.

2.2 Calculation of the friction velocity and surface-layer characteristic temperature

To calculate the aerosol vertical transpertturbulent flux, according to Eq. (10), the values of the
friction velocity u~ and the characteristic temperature T~ are required. These can be obtained via
wind speed and temperature profile data. From the near-surface similarity theory, the temperature
and wind speed data measured at two heights of z; and z> can be used in the expressions of the
friction velocity u~ and the characteristic temperature T+ {StuH,-1988)(Stull, 1988) as follows:

Z:c[U (z,)-U ()] (13)
|r‘IZ*2*\PU (ng) jL\Fu (51)

u.=

'«

S U RICY) 14)
0.74fIn 22—, (&) + ¥, ()]

where U(z1) and U(z2) are the measured velocities at heights z; and z», respectively, T(zy) and T(z2)

10



353 are the measured temperatures at heights z; and z,, respectively, & and & are the stabilities at heights
354  z; and z,, respectively, and Wy and Wt are the correction terms for the velocity and temperature
355  profiles under the condition of stability L. Under unstable conditions {StuH-1988)(Stull, 1988), we
356  have the following:

1+ %%, 1+X

357 ¥, (zf):In[(T)(T)Z]fzarctan(x)Jr%, x = (L-15&)¥ (15)
1
358 ¥, () =], y=0-99" (16)
359 Under stable conditions (Cheng and Brutsaert, 2005), we have the following: (BREEEX
oo (R ik i

360 ¥, (&) =-aln[E+@+&")™"], a=6.1, b=25. an

361 WY, (&) =—cIn[é+ @1+ &9)"], c=5.3,d =1.1. (18)

362 Based on Egs. (13)-(18), the friction velocity u~ and characteristic temperature T~ can be

363 determined.

364 3 Measurements and data processing

365 3.1 Introduction of Experiments

366 Observations were collected at two locations (two rectangles in Fig. 1a) from December 2016
367  to March 2017: a rural site in Gucheng (GC site), Hebei Province and an urban site at the Chinese
368  Academy of Meteorological Sciences (CAMS site) in Beijing. The distance between the two
369 locations is approximately 100 km. According to the theoretical methods defined in the preceding
|370 section, to estimate the aerosol transpertturbulent flux, the ratio of the aerosol mass to the imaginary
371  part of the AERI, the ratio of the temperature to the real part of the AERI, the real and imaginary
|372 parts of the atmospheric equivalent refractive index structure parameter (AERISP, Cnre2 and Cnim2),
373 the friction speed, and the characteristic temperature must all be obtained. If the free convection
374  condition is satisfied, fewer parameters are required, including the real and imaginary parts of the
375  AERISP, the ratio of the aerosol mass to the imaginary part of the AERI, the ratio of the temperature
376  to the real part of the AERI, and the atmospheric temperature.

377 Two sets of LASs developed by our research group were installed at the top of the building of
378  the Beljing-lnstituteChinese Academy of Meteorological Sciences (point A in Fig. 1b) and at the top
379  ofatwo-story building in the farm of the Central Meteorological Bureau of Gucheng Town, Baoding
380  City (point D in Fig. 1c). The light intensity sampling frequency of the receiving end was 500 Hz,
381  and a file was recorded every 20 minutes. Then, the real and imaginary parts of the AERISP were
382  calculated.

383 Inthe CAMS site, the transmitter end of the LAS was placed on the roof of a building on the east+ (HRaRMy: il W% 0 TR

384  side of the InstituteChinese Academy of Meteorological Sciences, and the receiver end was placed
385 atthe top of the Chinese Academy of Meteorological Sciences. The propagation path was along an
|386 east-west direction. The distance between the two ends was 550 metresmeters as shown in Fig. 1d.
387  The light beam passed over urban buildings, residential areas and urban roads. The beam height was
388 43 metresmeters. The average height of the building below the beam was 24 metresmeters; thus, the

389  zero-displacement was 18 metresmeters (24 * 0.67 = 18) {Leclerc-and-Foken—2014)(Leclerc and
1
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Foken, 2014), and the effective height of the beam was 25 metresmeters. At the Beijing observation
point, the te g g Wi g g g ere—wereconventional
meteorological parameters are measured simultaneoushy-andon the same roof, 20 meters away from
the receiving end and in the northwest direction of the receiving end. The measurement heights were
1.5 m and 10 m;+espectively above the roof for air temperature and wind speed. To calculate the
aerosol flux, it is necessary to obtain the ratio of the aerosol mass to the imaginary part of AERI and
to measure the aerosol mass concentration and visibility. In Haidian District, there is a site to
measure the visibility of the near-surface layer (point B in Fig. 1b), and the PM1o mass concentration
measurements were collected at Guanyuan Station (see point C in Fig. 1B). The sampling interval
for the visibility and PM1o mass concentration measurements was 1 h. The measurement height of
points B and C in Fig. 1b was approximately 20 metres. The ratio of the aerosol mass PMyo to the
imaginary part of the AERI was calculated based on the data. The measurements were collected at
the CAMS site from 15 January 15,-2017 to 20 March-20; 2017.

In the GC site (point D in Fig. 1c, namely, the LAS position) inof Gucheng, Baoding, Hebei,
the transmitter of the LAS was placed on the roof of a two-story building with a height of 8 m, and
the receiving end was located in a room in a three-story building on the west side of National
Highway 107 at the same height as the transmitting end. The distance between the transmitting end
and the receiving end was 1670 metres. The terrain between the transmitting end and the receiving
end was flat, with farmland, a national road and sporadic trees below the beam, as seen in Fig. le.
Near the light beam, there was a 30-metremeter-high meteorological observation tower, in which
the temperature, relative humidity (RH), and wind speed were measured at Sfive levels (1 m, 3 m,
8 m, 18 m, and 28 m). The friction speed and characteristic temperature were calculated according
to the temperature wind speed profile. Visibility observations were made in Xushui District near the
LAS position (see point E in Fig. 1c). The PM1o mass concentration was measured in Beishi District
(see point F in Fig. 1c). From Fig. 1c, the three observation points (points D, E and F in Fig. 1c)
formed a nearly straight line and were distributed in a northeast-southwest direction. During the
experimental observation period, a northeast-southwest wind prevailed; thus, the Xushui District
visibility data and Beishi District PM1o data can approximate the situation of the scintillometer
position. The measurements were collected at the GC site from 17 November 17,-2016 to 30 March
30; 2017.

3.2 Data quality control

There are two types of variables, e-gnamely mean variables and fluctuation variables. Mean
variables include temperature, wind speed, wind direction, PMyo, and visibility for averages of 30
minutes or 60 minutes. Data quality control for the mean variables was conducted by comparing the
measured data at different heights or from-persenal-experience-at different stations. Same variables
between different heights and different locations having the same trend are considered high quality.
All the measured mean data were determined to be adequate. Fluctuation variables include the high-
frequency intensity fluctuation data measured by the LAS, the real and imaginary parts of the
AERISP, and the calculated aerosol flux. Quality control mainly includesconsists of the elimination
of spike and supplementing missing data.

Peaks in the light intensity fluctuation data appear because the received signal quickly increases
when the light signal is blocked, such as due to birds along the transmission path. Fhis-situation-is
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automaticallydetermined—bytheThe data processing program_automatically determines this
situation. When this happens, the current 20-minute period is rejected. For the real and imaginary
parts of the AERISP and the aerosol flux data, (a) 3 times the standard deviation (SD) of the anomaly
and (b) 3 times the SD of the adjacent-difference between adjacent moments (AMD) were
determined. Fhe-method-forjudgi i D ] aly-was-applied-to-obtain-aA trend
of two-hour averages, namely, 6-point moving averages, is first obtained. Then, the difference
between the measured value and the trend at each moment was calculated, and the mean and SD of
the difference were also calculated. The data with differences from the trend exceeding 3three times
the SD were considered as spikes. The method for judging the-difference-of-3three times the SD of
the adjacent—differencesAMD was to—first to calculate the difference—between—adjacent
observationsAMD and then calculate the mean and SD of the differenceAMDs. Any data whose
adjacent-difference AMD deviated from the mean of the adjacent-differenceAMD by more than 3
the SD of the AMD was considered an error. Less than 5% of the data were censideredfound to
contain spikes or errors.

The data determined to be errors were supplemented bywith the average of the nearby
observations. Of course, if data were missing over a long period, the missing gap could not be filled.
For this situation, further supplementation was not considered.

Other errors in the measurements using a LAS due to specific reasons (Moene—et—al;
2009)(Moene et al., 2009); for example, the impact of the uncertainty in the exact shape of the
turbulence spectrum with von Karman’s scheme and the intermittent variations in the characteristics
of that spectrum on the LAS signal were not considered in this study.

4 Results

First, the visibility and PM1o aerosol mass concentration results at the CAMS site and the GC
site are given and compared. Then, the characteristics of aerosol transport in typical weather
conditions at the CAMS site and the GC site are discussed. Finally, the aerosol flux characteristics
under-heawvy-pollution-weatherconditions-are-analysedduring the HPEs are analyzed.

4.1 Relationship between nim and PMio

To obtain the ratio of the atmospheric aerosol mass concentration to the imaginary part of the
AERI (nim) Rmn, PM1o and visibility were measured.

The maximum PMy, concentration in the Baoding area appeared at 1:00 on January 28, 2017
(up to 1071 pg m3), and the maximum PMyo concentration in the Beijing area appeared at 2:00 on
January 28, 2017 (up to 917 pg m®). This heavy pollution event swept through Beijing and the
surrounding areas, reaching a maximum at almost the same time. The visibility at the corresponding
time was less than 500 metres—TFhe-imaginary-part-of the AERIcan-becalculated-from-thevisibility
Yuan-et-al;—2016).meters. The imaginary part of the AERI can be calculated from the visibility
according to Eq. (7). Fig. 2a shows a scatter diagram of the imaginary parts of the AERI and PM1o
data measured in the Beijing area; there is a strong correlation between the AERI and aerosol particle
mass concentration, with a linear correlation coefficient of 0.96. The fitted linear in Fig. 2a has a
slope of 3845 kgmkg m=. Therefore, Rwn was taken as 3845 kgmkg m for the Beijing area to
estimate the aerosol vertical transportationturbulent flux. Similarly, Fig. 2b shows the results for the

Baoding area, and Runy Was set to 3711 kgmkg m™ for the Baoding area to estimate the aerosol
13
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vertical transpertationturbulent flux. The two ratio coefficients are relatively close. Figs. 2a and 2b
also show that in the case of light pollution, Beijing's Rmn is slightly larger.

Furthermore, Figs. 2a and 2b show that although there is a targesignificant scattering between
PM3o and niv that may be attributed to a largesignificant separation between the two measurement
locations for visibility and PMyyo, there is a strong linear correlation between the imaginary part of
the AERI and PM1o. The imaginary part of the AERI has a slightly stronger esrrelatienrelationship
with the PM3, data obtained in the Baoding area than in the Beijing area.

Rmn should be obtained by simultaneously measuring Ma and the imaginary part of the AERI
at the same location with the LAS, so that real-time RMN can be obtained. For GC site and CAMS
site, measuring positions of PMio and visibility are a little far from LAS measurement. So a constant
ratio Rmn is more representative than a simultaneous value.

The following provides the results of the aerosol transpertturbulent flux under typical weather
conditions in Beijing and Baoding for the period from 10 March 16,-2017 to 17 March 17-2017.

4.2 Characteristics of aerosol flux in the Beijing region

To anakyseanalyze the aerosol transpertturbulent flux characteristics, we present the time series
of the conventional meteorological parameters. Fhe-measurementsite-is-the-Beijing-Meteorological
Observatory-which-is-20-metres-above-the-ground—The time series of temperature, RH, wind speed,
wind direction, PMig, Cnre?, Cnim? and aerosol flux are shown in Figs. 3a-3h, respectively. The
temperature has an-ebvieusa distinct diurnal variation, indicating that this period had primarily
sunny weather. The RH from 10 March 10,2017 to 17 March 17,-2017, was less than 60%, and the
RH for most of the-time period was less than 30%. The wind speed was low; only during the period
from March 11 to March 14 was the wind strong. At 6:00 on March 12, the maximum wind speed
was 4.2 m s, At-that-time-there-was-no-dominant-wind-direction-At that time, the wind direction
has diurnal variation characteristics, which are related to the sea-land breeze, valley wind and urban
heat island circulation which may exist under the control of weak weather system(Li et al., 2019).
Moreover, two light pollution events occurred (MER-2012)(MEP, 2012) on March 11 and March
16, with PM1o concentrations approaching 200 ugm. From the data of Cngre? and Cp,m? in Figs. 3f
and 3g, the real part of the AERISP Cnre? has obvious diurnal variations, i.e., smaller in the morning
and at night and larger at noon. The imaginary part of the AERISP Cym? had no ebvieusdistinct
diurnal variation. According to Fig. 3g, there are some peak values, i.e., some sudden increases and
decreases, which may be related to sudden changes in wind direction, as shown in Fig. 3d.

Aeroso txe in-Beiji a 3 3 i a 9‘9 ee-conve TheLASat
the CAMS site was located in the roughness layer, so the local similarity theory should in principle
applied to flux calculation. Because there was no measurement of wind speed and temperature
profiles near the LAS measurement location, the friction velocity and characteristic temperature
could not be calculated. Because-the-height-of the LAS-instrument-at-the CAMS site-was-43-m;We
(Yuan et al, 2015) conducted a test experiment for aerosol vertical flux in Hefei, China, using free
convection assumptions and local similarity theories to calculate aerosol fluxes. Comparison of the
calculation results of the two methods shows that very unstable condition accounts for about 62 %
of the time, and the relative difference is about 5%. Under weak unstable and stable condition, the
relative error is about 15%. Although the relative error is a little large under weak unstable stable
stratification conditions, the absolute difference in flux is still small.
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There is a weather tower in the north of Beijing. The weather tower is 6.1km far from the
CAMS site. The meteorological observation data from the weather tower show that the Monin-
Oubhov similarity theory has a significant error under stable condition, while the Monin-Oubhov
similarity theory is still basically applicable in the case of unstable stratification (Liu et al. 2009).
In the roughness sub-layers of other cities, under the condition of unstable stratification, the local
similarity theory is similar to MOST (Zou et al. 2018, 2019). Because the height of the LAS
instrument at the CAMS site was 43 m, during most of the time the conditions assumed for free
convection were easily satisfied. During the day, the surface layer is usually unstable. At night, for
the city, even if there is an inversion at a higher altitude, due to the existence of the urban heat island,
the surface layer is often weakly unstable. The stable stratification situation is rare {Li—et-ak;
2007)(Li et al., 2007)-. Therefore, aerosol fluxes in Beijing are calculated using Eq. (12) based on
the assumption of free convection.

From the aerosol flux time series given in Fig. 3h, the aerosol flux is large at noon and small
in the morning and at night, which is mainly because of the strong convection at noon. However,
large aerosol fluxes also occurred on the nights of March 11 and March 12, which were related to
high wind speeds. The mean aerosol flux measured at this observation point during this period was

0.0039 mgm?smg m2s™,

4.3 Characteristics of aerosol flux at the GC site

Similarly, Figs. 4a-4d provide the time series of temperature, RH, wind speed and wind
direction at 3 metresmeters and 18 metresmeters for the GC site, and Figs. 4e-4h show the PMyy,
Chn, re>, Cn, m? and aerosol flux curves over time. According to Fig. 4a, the temperatures at both
heights show ebvieusdistinct diurnal variations. The daytime is characterized by unstable
stratification, and at night, stable stratification prevails. Moreover, in the morning and evening, there
is a transition period between the-stable and unstable stratification. Here, u, T~ and MO length L
were calculated from the wind speed and temperature measured at 3 m and 18 m on a meteorological
tower. Fig. 4b shows a plot of the two levels of RH over time, again with ebvieusapparent diurnal
variations. The RH of the GC site was lower at the CAMS site. Figs. 4c and 4d provide the time
series of wind speeds and wind directions at two levels. At 6:00 on March 12, the wind speed was
relatively high, and the maximum at 18 metresmeters was 6.5 m s, At the same time, the maximum
wind speed was reached in the Beijing area, although the speed was lower in Beijing. The overall
trend of wind direction at the GC site was more consistent with the results of the CAMS site.

Figure 4e shows the PMyo trend of over time. There were two light pollution events on March
11 and March 16. The overall trend is the same as in Fig. 3(e) except that there is a slight difference.
Figs. 4f and 4g show the time series of the imaginary and real parts of the AERISP for the GC site.
The real part of the AERISP is large at noon, and the optical turbulence is strong. The real part of
the AERISP is small during the morning and evening, and the corresponding turbulence is weak.
The imaginary part of the AERISP given in Fig. 4g does not show an ebvieusapparent diurnal
variation, and there may be some sharp peaks.

Figure 4h shows the aerosol mass vertical flux changes over time. The aerosol flux has a
significant diurnal variation characteristic associated with turbulent transport near the surface. The
mean aerosol flux measured at the GC site during this period was 0.0016 mgm?smg m?s?. This
value is much smaller than the results for the CAMS site. Human activities contribute to increased
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water vapor releases in urban areas compared to rural areas, as observed by Deu-et-al-{2014)(Dou
et al., 2014), and especially for the night-time SBL in winter. During our observation period, the RH
of the city was lower than the rural area. However, human activities cause more aerosol particles in
urban areas than in rural areas.

4.4 Aerosol flux during heavy pollution periods

v 25

In the winter of 2016,

there were several

observational experiments were performed in the Beijing and Baoding areas, including observations
of meteorological parameters and aerosol parameters, to understand the causes of the heavy
pollution. Fhe-observations-show-tha inni aracteri v utan

According to the definition of HPEs and classification, there were 7 TS stages in the 2016

winter heavy pollution event, and the AS stage appeared immediately after 4 TS stages. These
included 00:00 on December 1 to 03:20 on December 4, 18:40 on December 15 to 00:00 on
December 22, 00:00 on December 29 to January 2, and 00:00 and 8:40 on January 2 to 00:00 on
January 5.

During this period, we used a LAS to conduct an observational study of the aeresel-vertical
aerosol flux in the GC site, which was from 00:00 on December 1, 2016, to 00:00 on December 22,
2016. No corresponding observations were made at the Beijing site during this period. Here, we
first discuss the observation results of the GC site, Baoding City, as shown in Fig. 5. Fig. 5a shows
the time series of the aerosol vertical transpertturbulent flux. Figs. 5b-5g shewindicate the time
series for the real and imaginary parts of the AERISP, the temperature and RH at 18 metresmeters,
and the wind speed and direction. Purple curves indicate the TS stages, red curves indicateshow the
AS stages, and grey curves indicateshow the RS stages.

According to Fig. 5a, in the TS stages and the RS stages, the aerosol flux exhibited diurnal
variations, while the AS stage did not show a diurnal variation. There were some peaks in the TS
stage. The average aerosol flux of the TS stages was 0.00065 mgm?smg m?s™, the average value
of the AS stages was 0.00025 mgmsmg m?s?, and the average value of the RS stages was 0.00063
mgm?smg m2s. The aerosol transperiturbulent fluxes in the TS and RS stages were similar, while
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the aerosol transpertturbulent flux in the AS stage was much smaller than the TS and RS stages.

According to Fig. 5b-5c, the imaginary structure parameters and the real structure parameters
of the refractive index in the TS and RS stages exhibited diurnal variations, while the AS stage did
not exhibit a diurnal variation. Fig. 5d shows that except for the second AS event (22:00 on 19
December 15,-2016 to 00:00, 22 December-22; 2016), the temperature showed a diurnal variation.
During the AS stage, the RH (see Fig. 5e) was close to 100%, while the RH during the TS and RS
stages waswere lower. Moreover, Fig. 5f shows that during this time, the wind speed was relatively
weak, although the wind speed was slightly stronger on December 5. As shown in Fig. 5g, during
the TS and AS stages, southerly winds prevailed, while during the RS period, northerly winds
prevailed. The high wind speed and convection in the TS and RS stages contributed to the upward
transport of aerosol particles, whereas the low wind speed and stable stratification in the AS stage
were not conducive to the upward transport of aerosol particles.

During the heavy pollution period from 1 December 4-2016 to 10 January-18; 2017, we did
not conduct surface aerosol flux observations at the CAMS site. From January 25 to January 31, the
pollution in the Beijing area also reached the level of heavy pollution. During this heavypeliution
periodHPE, a measurement of surface aerosol fluxes at the CAMS site was conducted. Figure 6
shows the results of the meteorological and pollutant observations for 6six days from 00:00 on
January 25, 2017 to 00:00 on January 31, 2017. According to Fig. 6, northerly winds prevailed after
12:00n00n on January 26, when the concentration of PM1o dropped rapidly from 254 ugm™ at 12:00
to 5 ugm at 15:00. During the period 12:00-24:00 on January 26, the average wind speed was 2.6
ms, On January 27, southerly winds prevailed, the average wind speed was only 0.8 ms?, and the
aerosol concentration (PMao) increased slowly; the increase began at 6:30 before irereasinggrowing
rapidly at 17:50, reaching more than 300 pgm™ at 23:00 and 917 pugm™ at 2:00 am on January 28,
which was the maximum aerosol concentration over the 6 day period. Then, the aerosol
concentration decreased gradually. The average wind speed on January 27 was 0.6 ms™, southerly
winds prevailed, and the mean PM;o concentration was 440 pgm, which constitutes a serioussevere
pollution level. The average PM1o concentration during the period from 00:00 on January 25 to
00:00 on January 31 was 170 ugm®=.

According to the previous characteristics for the TS and AS stages, a period of southerly winds
can be determined as the TS stage. Thus, January 27 can be designated as the TS stage, January 28
can be determined as the AS stage, and January 29 can be determined as the RS stage. During
Beijing's heavy pollution event in January 2017 (20170125-20170131), the mean aerosol vertical
flux in the TS stage was 0.0024 mgm?smg m™s?, the average value during the AS stage was
0.00087 mgm?smg m?s? and the RS stage was 0.0049 mgrm?smg m?s™. The overall average value
was 0.0032 mg m?s™,

Even during heavy pollution events, the RH in Beijing was lower than in the outer suburbs.
According to Fig. 6e, the RH exceeded 60% in the period from 3:00 to 6:00 on January 26, where
the maximum value was 63%, and the RH was less than 60% in the remaining periods. In urban
areas, when the RH is low, heavy pollution incidents can occur. In Beijing, during the AS stage, the
vertical flux of aerosol was less than during the TS and RS stages.

5 Discussions and conclusions

During the winter of 2016 and the spring of 2017, HPEs eccurred-frequently occurred in the

BTH area.
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This study investigated the aerosol vertical mass flux and compared its magnitude during different
stages of HPEs, including RSs, TSs, and ASs, in two representative urban and rural sites, including
the CAMS site in Beijing and the GC site in Hebei Province. Based on the light propagation theory
and surface-layer similarity theory, the aerosol vertical mass flux was obtained by combining LAS
observations, surface PM,s and PMi, mass concentrations, and meteorological observations,
including air temperature and RH. We found that under faveurablefavorable meteorological
conditions for pollution dispersion, i.e., from 10 March 46,2017 to 17 March-+#; 2017, the vertical
aerosol mass flux exhibited striking diurnal variations, with the mass fluxes reaching peak values at
noon and lowering in the morning and evening. During the HPEs from 25 January 25,-2017 to 31
January-3%; 2017 in Beijing, the vertical aerosol mass flux varied substantially during the different
stages. Specifically, the mean mass flux decreased by 51% from 0.0049 mg m?s? in the RSs to
0.0024 mg m%s in the TSs, which was partly due to the wind speed reduction from strong northerly
winds in the RSs to southerly winds in the TSs. During the ASs, the mean mass flux decreased
further to 0.00087 mg ms™*, which accounted for approximately 1/3 of the flux during the TSs.

mass flux would further facilitate aerosol accumulation. During the HPE from December 01, 2016,
to December 22, 2016, in Gucheng, the mean mass flux was similar in the RSs and TSs, ranging
from 0.00063 mg m™s? to 0.00065 mg m™s?s™. This is partly because Gucheng was less affected
by strong northerly winds than Beijing. Thus, the wind speed varied slightly from the RSs to TSs.
However, the mass flux decreased substantially to 0.00025 mg m?s! in the ASs, which was merely

1/3 of the mean flux in the TSs.
Based on our measurement results, it can be seen that from the TS to the AS, the aerosol vertical
turbulent flux decreased, but the aerosol particle concentration with surface layer increased. it is
inferred that in addition to the contribution of regional transport from upwind areas during the TS,
suppression of vertical turbulence mixing confining aerosols to a shallow boundary layer increased
accumulation.
In this study, the gerosol emission flux was also estimated in these two rural and urban sites.

(BHRM: Tyt AaRE

Generally, compared with the emissions in spring, we found that in winter, the near-ground
emissions were weaker in suburban areas and were similar in urban areas. In suburban areas,
although the aerosol concentrations were relatively high {Shen-et-al;-2018)(Shen et al., 2018), the
upward emitted aerosol flux was smaller than in urban areas. During the ASs of the HPEs, the
aerosol emission flux from the ground was weaker than for the RSs and TSs at both the CAMS and
GC sites, which indicates that surface pollutant emissions are not the major cause of explosive PMz 5
growth. During the ASs with weak solar radiation, the factors most associated with aerosol
concentration changes were horizontal transport and BL height variations, which might be the main
causes-of increased-PM. s-(Zhong-et-al;-2018b;Zhong-etal 2018a;: Zhang-et-al- 2018)leading causes
of increased PMys. This is in line with previous studies that the main reason for the explosive growth
of aerosol concentration during AS is attributed to the horizontal transport during TS. The TS will
definitely appear before CS. The south or southwest wind will always appear in the TS, and the
concentration of PM10 in Baoding is higher than the mass of PMiq in Beijing, which is generally
maintained for one to two days. Except for the southerly or southwesterly winds for one to two days,
there will be no CS in Beijing. Even if it is a southerly or southwesterly wind, if the wind speed is
too small (<1ms™), AS will not appear. Only the southerly or southwesterly wind with a wind speed
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686 greater than a specific value (>1.5 m s%), and the concentration of PMo in the area to the south of
687 Beijing is higher than that in Beijing, and then there will be CS after a small wind (Zhong et al.,

688  2018c; Zhong et al., 2018b; Zhang et al., 2018), (AW FHIE: AFHRE

689 Compared to the results (Yuan et al. 2016) from Hefei, China, a small and medium-sized
690  provincial capital city in East China, the measured aerosol mass-fluxes in Beijing are almost at the
691  same amount. A series of measures and actions have been made for emission reduction in Beijing,
692  and the main emission is from vehicles. The difference in aerosol mass flux may be small.

693 Due to the lack of necessary experimental conditions, such as meteorological towers and EC
694  systems, current experimental results cannot be compared with EC methods. According to the
695 literature data, the two methods have been compared indirectly, and the estimated aerosol flux under
|696 different measurement conditions is consistent in magnitude (Yuan-etal2016)(Yuan et al., 2016).
697  However, a direct comparison of the two methods is in development.

698 Compared with the EC method, the aerosol flux has high spatial representativeness based on
|699 the principle of light propagation, and there is no need to install a hightall tower. However, the
700  estimation of aerosol fluxes using the LAS method still has theoretical and practical deficiencies.
701 At present, the LAS method for the aerosol flux regards the aerosol particles as ordinary scalar
702 molecules. At the same time, based on the assumption of the equivalent medium, the imaginary part
703  of the AERI is taken for granted as proportional to the aerosol mass concentration. This is often not
704  the case. The actual turbulence spectrum shape often-deviatesmay deviate from the-"-5/3"“lawvon
705  Karman spectrum, and turbulence intermittent and scintillation saturation can also occur {Meene-et
706 al2009)(Moene et al., 2009). The applicability of the near-surface layer similarity theory to the
707  aerosol particle motion under stable layer conditions also has many problems. The formation of new
708  particles and changes in aerosol particle size distribution also affect the scintillation in light
709  propagation. There are also practical problems such as untimely maintenance, rainfall and low
710  visibility, and platform vibrations required for observation. All these problems will cause errors in
711 final estimates, so more theoretical and experimental research is needed.
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970 Figure 1. Photographs of the measurement site. (a) Map of the experiment area in the Beijing urban area
971 and suburban area and (b) expanded view of the Beijing experiment area, which is marked as the shaded
972 rectangle in (a). (c) Expanded view of the Baoding experiment area, which is marked as the shaded
973 rectangle in (a). (d) Satellite image of the CAMS site and (e) the satellite image of the GC site. Figs. 1a,
974 b, c, and d © Google.
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982  Figure 3. Temporal variations in (a) air temperature, (b) RH, (c) wind speed, (d) wind direction, (¢) PMyo,
983  (f) real part of the AERISP, (g) imaginary part of the AERISP and (h) aerosol mass flux in the Beijing
984  area from March 10, 2017 to March 17, 2017.
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Figure 5. Temporal variations in (a) aerosol flux, (b) imaginary part of the AERISP, (c) real part of the
AERISP (d) air temperature, (e) RH, (f) wind speed, and (g) wind direction in the Baoding area during a
heavy pollution period, i.e., December 1, 2016 to December 22, 2016.
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Figure 6. Temporal variations in (a) aerosol flux, (b) imaginary part of the AERISP, (c) real part of the
AERISP (d) air temperature, (e) RH, (f) wind speed, and (g) wind direction in the Beijing area
during a heavy pollution period, i.e., January 25, 2017 to January 31, 2017.
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