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ng between air mass history,
secondary growth of nucleationmode particles and
aerosol pollution levels in Beijing†

S. Hakala, *ab V. Vakkari,cd F. Bianchi, ab L. Dada, abef C. Deng,g

K. R. Dällenbach,abf Y. Fu,g J. Jiang,g J. Kangasluoma,ab J. Kujansuu,ab Y. Liu,a

T. Petäjä, abh L. Wang,i C. Yan,ab M. Kulmala abh and P. Paasonen b

Atmospheric aerosols have significant effects on the climate and on human health. New particle formation (NPF)

is globally an important source of aerosols but its relevance especially towards aerosol mass loadings in highly

polluted regions is still controversial. In addition, uncertainties remain regarding the processes leading to

severe pollution episodes, concerning e.g. the role of atmospheric transport. In this study, we utilize air mass

history analysis in combination with different fields related to the intensity of anthropogenic emissions in order

to calculate air mass exposure to anthropogenic emissions (AME) prior to their arrival at Beijing, China. The

AME is used as a semi-quantitative metric for describing the effect of air mass history on the potential for

aerosol formation. We show that NPF events occur in clean air masses, described by low AME. However,

increasing AME seems to be required for substantial growth of nucleation mode (diameter < 30 nm) particles,

originating either from NPF or direct emissions, into larger mass-relevant sizes. This finding assists in

establishing and understanding the connection between small nucleation mode particles, secondary aerosol

formation and the development of pollution episodes. We further use the AME, in combination with basic

meteorological variables, for developing a simple and easy-to-apply regression model to predict aerosol

volume and mass concentrations. Since the model directly only accounts for changes in meteorological

conditions, it can also be used to estimate the influence of emission changes on pollution levels. We apply the

developed model to briefly investigate the effects of the COVID-19 lockdown on PM2.5 concentrations in

Beijing. While no clear influence directly attributable to the lockdown measures is found, the results are in line

with other studies utilizing more widely applied approaches.
Environmental signicance

Understanding the causes and formation mechanisms of urban air pollution are vital for its efficient mitigation. While the signicant role of secondary aerosol
formation to PM2.5 pollution in Beijing is commonly known, this study assists in understanding the sources of the seed particles for the pollution. We show that
PM2.5 pollution in Beijing has its roots all the way in the smallest nucleation mode particles produced by new particle formation events and direct emission of
small particles from e.g. traffic. Therefore, focusing on controlling these sources, and the sources contributing to secondary growth of aerosol, could provide
efficient mitigation solutions. We also clearly display the crucial need to account for air mass history when investigating aerosol formation in Beijing.
1 Introduction

Despite ongoing pollution control measures, serious haze
episodes with adverse health effects remain problematic in
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Beijing, China.1–3 The haze episodes are periods with elevated
concentrations of aerosol particles in the accumulation mode
size range (particle diameter 100 nm–1 mm), which are large
enough to affect visibility by scattering and absorbing solar
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Fig. 1 A population density map of north-eastern China displaying
example trajectories arriving at Beijing with varying AMEST,Pop values
depending on the transport route. Low AME values correspond to
northern airflows while high values indicate air masses approaching
from the south.
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View Article Online
radiation. Accumulation mode particle concentrations typically
dictate the ne aerosol mass concentrations (PM2.5; mass of
particles with diameters smaller than 2.5 mm) as well as the
aerosol climate impacts by taking part in cloud formation and
by directly affecting the radiation balance.4–7 The formation of
haze, and aerosol mass in general, is a result of complex
interplay between primary particle emissions, new particle
formation (NPF) and secondary mass production, all modulated
by the prevailing ambient conditions.8

Accumulation mode particles can originate either from direct
primary emissions of particles in the 100 nm–1 mm size range or
from the growth of smaller particles via secondary aerosol
formation processes, including condensation of various low
volatility vapors and the production of particle-phase compounds
through heterogeneous reactions on aerosol surfaces. The
smaller growing particles can also originate from primary emis-
sions or they can be formed by nucleation/clustering of various
combinations of extremely low volatility vapors in NPF events.
NPF events can produce large numbers of very small particles in
local or regional scales,9,10 but their occurrence usually requires
low concentrations of pre-existing aerosols, which act as a sink
for the potentially-NPF-producing vapors and small clusters.11–14

The relative importance of the different aerosol formation path-
ways is largely dependent on the relative emission rates of
primary particles and different chemical compounds, as well as
the meteorological conditions.

Beijing and the Eastern China are areas with strong anthro-
pogenic primary particle emissions, main sources being industry,
traffic, power production and residential combustion.15,16 Despite
the strong primary particle emissions, the majority of aerosol
mass typically consist of secondary species17–19 and NPF events
with signicant contributions to particle numbers are observed
frequently due to high concentrations of sulfuric acid and
dimethyl amine.10,20,21 Recently, extremely high concentrations of
nitric acid have also been proposed as a possible candidate for
initiating NPF in urban conditions, especially during colder
temperatures.22 The precursors for NPF and aerosol growth in
Beijing predominantly originate from anthropogenic emission
sources.23–25 Especially during summer and in low to moderate
pollution loadings, a large fraction of aerosol is shown to consist
of organics formed in the photo-oxidation of anthropogenic
VOCs (volatile organic compounds). During winter and hazier
conditions, the inorganic fraction of the aerosol oen becomes
more signicant as the formation of nitrate and sulfate via
aqueous processing and catalytic reactions gains effectiveness
compared to photochemistry.18,26 Similar shis in the secondary
aerosol formation pathways can also occur in the diurnal scale as
the decreased solar radiation and temperature and increased
relative humidity during night-time can promote aqueous
formation and condensation of semi-volatile species.27

Meteorological conditions can affect aerosol chemical compo-
sition and loadings by altering the efficiency and relative strengths
of different formation pathways as well as removal mechanisms.
However, meteorological conditions can also inuence the
observed aerosol loadings in terms of changing air mass transport
pathways and boundary layer height. Beijing is located on the
northern edge of a vast semi-uniform, highly populated area in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
north-eastern China (see Fig. 1). Towards the north and the west,
the area is conned by mountains. Due to the sparse population
and scattered anthropogenic activities in the mountainous area,
air masses arriving at Beijing from the north-western sector are
typically clean from any major air pollutants. Southern and local
air masses, in turn, travel and spend time over the highly popu-
lated North China Plain with signicant anthropogenic emissions
and thus become easily polluted.28 The clean north-westerly winds
are more typical during winter, when persistent high pressure
systems reside over the continental Asia. Connected by the East
Asian monsoon cycle, the opposing situation with moist and
polluted air masses from the south-east is more typical during
summer. However, both southern and northern transport path-
ways exist during all seasons with signicant and widely recog-
nized consequences for the pollution loadings in Beijing.29

The variation in pollution loadings caused by the different
transport pathways is oen further amplied by simultaneous
changes in the boundary layer height, which alters the volume
of dilution for fresh emissions as well as for the existing
concentrations of particles, gases and vapors.30–33 The northern
transport pathway is typically accompanied with clear sky
conditions and higher wind speeds, which promote boundary
layer growth compared to the conditions during southern
transport.28 In addition, the accumulating pollution itself has
been shown to play a role in suppressing the boundary layer due
to enhanced scattering and warming towards the top of the
boundary layer, which creates a deleterious feedback between
the increasing pollution and decreasing volume for dilution.34–37

Due to the highly adverse health effects of air pollution,
signicant efforts have been made to understand the complex
intricacies of aerosol formation in China.8,17,19,38–40 Even so,
many aspects of the complete picture require further investi-
gations. One of these aspects is the role of NPF in haze forma-
tion. Even though the majority of particle mass during haze has
Environ. Sci.: Atmos., 2022, 2, 146–164 | 147
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been identied to originate from secondary mass formation
rather than direct particle emissions,17,40–42 it is much less clear
how important secondary particles produced in NPF events are
for providing the initial ‘seed aerosol population’ for further
growth and mass accumulation compared to primary particle
emissions. Some studies suggest that NPF is the main driver of
haze formation as haze episodes are consistently preceded by
NPF events in Beijing.19,38,43 While this chronological connec-
tion seems to exist, it does not prove a causality between the two
events: in Beijing, NPF events are found to occur in clean
northerly air masses which lower the condensation sink,21,28,44,45

and since haze events are, by denition, preceded by clean
periods, they also become preceded by NPF events.

Understanding the causes of air pollution is vital for its effi-
cient mitigation. However, even when targeted emission reduc-
tions are made, evaluating their real life impacts is not trivial due
to simultaneous and uncontrollable changes in meteorology that
will also affect the observed changes. The meteorological inu-
ence is especially important in shorter time scales – an issue that
has recently become increasingly clear when estimating the
effects of COVID-19-related emission changes on the observed
pollution levels.46 Several methods exist for estimating the inu-
ence of meteorology on air pollution e.g. running chemical
transport models with constant emissions,47 parametrising the
effects of meteorological variables using multiple regression
analysis48 or using machine-learning techniques with meteoro-
logical inputs.49 While all of the aforementioned approaches are
certainly sensible and have their intended uses, machine-
learning techniques and regression modelling can be criticized
for lacking physical connections, and while chemical transport
modelling is likely the most comprehensive method, it naturally
relies on the correct description of all the relevant processes and
is computationally very expensive.

In this study, we explore and apply a method that combines
a core part of chemical transport modelling, in terms of air
mass back trajectories and emission inventories, with regres-
sion modelling in an effort to estimate the effects of meteoro-
logical conditions on aerosol loadings in Beijing in a physically
sensible and intuitive way, while retaining simplicity and easy
applicability. Our method builds upon the a priori knowledge
on the importance of anthropogenic emissions for aerosol
formation in this atmospheric environment. We calculate the
degree in which the air masses arriving at our measurement site
in Beijing have been exposed to anthropogenic emissions prior
to their arrival, and use this quantity to describe the baseline
potential for secondary aerosol formation and primary aerosol
accumulation in said air mass. By using xed anthropogenic
emissions, this effectively quanties the inuence of air mass
transport, while the effects of other relevant meteorological
parameters are investigated and applied via residual analysis.

In the rst part of our study, we calculate the air mass
exposure to anthropogenic emissions (AME) using population
density as an estimate for the spatial intensity of anthropogenic
emissions, and investigate how new particle formation events
and the aerosol size distribution in general behave as a function
of this quantity. Our objective is to explore the appearance and
temporal development of NPF events as well as the inuence of
148 | Environ. Sci.: Atmos., 2022, 2, 146–164
small growing particles from NPF or primary emissions to the
development of haze. In the second part, we experiment with
different ways of calculating the AME in order to nd the most
relevant description to be used in the regression model for
predicting observed aerosol volume. Finally, we derive a similar
model for PM2.5 and use it to estimate the changes in aerosol
formation efficiency caused by the emission changes during the
COVID-19 lockdown period.

2 Measurements and methods
2.1 Measurement site and instrumentation

The measurements used in this study were performed at the
Aerosol and Haze Laboratory at the west campus of Beijing
University of Chemical Technology (39.94�N, 116.30�E) between
Jan 2018 and Dec 2020. The observations were performed out of
a window on the h oor of a university building around 20 m
above ground level. The location by the 3rd Ring Road is typical
of an urban megacity environment, subject to major pollution
sources including traffic, cooking and long-range transport of
pollution9,16,50,51 and frequent NPF events.19,21,25,52

The particle number size distribution between 1 nm and 10
mmwas measured with two homemade systems, i.e., a diethylene
glycol scanning mobility particle sizer (DEG-SMPS)53,54 and
a particle size distribution (PSD) system55 including another SMPS
for a larger size range and an aerodynamic particle sizer (APS).
The DEG-SMPS covers the size range of 1–6.5 nm and the main
parts include a sampling line that minimizes diffusion losses for
the smallest particles,56 a so X-ray aerosol neutralizer, a home-
made differential mobility analyzer54 and a homemade DEG
condensation particle counter (CPC). The second SMPSmeasures
particles from 6 to 800 nm and it consists of a so X-ray aerosol
neutralizer, a long DMA (Model 3080, TSI Corp.), a nanoDMA
(Model 3085, TSI Corp.) and a CPC (Model 3775, TSI Corp.). The
APS (Model 3321, TSI Corp.) measures the aerodynamic particle
diameter in the range of 400 nm to 10 mm.

Due to more continuous data coverage, we also utilized the
measurements from a separate differential mobility particle
sizer (DMPS). The DMPS is a homemade instrument, which
samples through a PM2.5 lter and consists of a so X-ray
neutralizer, a short Vienna type DMA and a CPC (Model 3772,
TSI Corp.). The DMPS covers a size range from 6 to 800 nm by
operating the DMA periodically in two ow modes: smaller size
range with aerosol-to-sheath ows of 4 and 20 lpm, and larger
size range with 1 and 5 l min�1.

Meteorological parameters including temperature (T), wind
speed (WS) and relative humidity (RH) are measured at the
rooop of the university building by an automatic weather
station (Model AWS310, Vaisala Inc.). The mixing layer height
(MLH) is estimated from the vertical proles of ceilometer
(Model CL51, Vaisala Inc.) backscattering coefficient using
a three-step idealized-prole method.57

In addition to data from our measurement station, we utilize
Ministry of Environmental Protection (MEP) PM2.5 data (hourly
concentrations) from the nearest national monitoring station
(Guanyuan), obtained from the National Urban Air Quality Real-
time Publishing Platform (http://106.37.208.233:20035/, last
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
access: 14 October 2021) and hourly precipitation data, ob-
tained from the National Meteorological Information Centre
(http://data.cma.cn/, last access: 14 October 2021).

2.2 Air mass history

Air mass history was studied by calculating 72 hour air mass back
trajectories for each hour of the 3 year study period (2018–2020)
using a Lagrangian particle dispersion model FLEXPART version
9.02.58 In each of the hourly simulations, 50 000 massless and
non-reactive tracer particles are initially distributed evenly
between 0 and 100 m above the measurement site and then fol-
lowed backwards in time for 72 hours. The model output
contains (1) potential emission sensitivity (PES) elds (also
known as air mass retroplumes), which comprise the combined
residence times of the tracer particles above the simulation grid
cells and (2) the average positions of the tracer particles, which
equate to the traditional single back trajectories. The model
output is saved every hour and the simulation grid covers an area
from 20–60�N and 95–135�E with a spatial resolution of 0.05�.
European Centre for Medium-Range Weather Forecasts
(ECMWF) operational forecast with 0.15� horizontal resolution,
137 vertical levels and 1 h temporal resolution was used as the
meteorological input for the FLEXPART model.

2.3 Air mass exposure to anthropogenic emissions (AME)

We use air mass exposure to anthropogenic emissions (AME) in
order to describe the changes in aerosol formation potential
with respect to changes in air mass source areas in a semi-
quantitative manner. The AME values are calculated both
using the single trajectories (ST; eqn (1)) and the potential
emission sensitivity elds (PES; eqn (2)). With both approaches,
the values are calculated in several ways by varying the eld that
is used for describing the spatial distribution of anthropogenic
emissions/activities and the height limitation of the trajectories
included in the calculation. When using single trajectories, the
AME at time t is obtained by summing up the values of the
anthropogenic activity eld closest to the hourly trajectory
locations during the 72 h backward calculation:

AMEST;x;HðtÞ ¼
X72 h

tb¼1 h

Ax½latðt; tbÞ; lonðt; tbÞ� � 1 h

j trajectory height#H (1)

Here ST denotes the use of single trajectories, x species the
eld used for describing the level of anthropogenic activities in
Ax (see Sect. 2.3.1), H is the height limitation for the trajectory
(see Sect. 2.3.2) and tb is the backward calculation time. The
lat(t,tb) and lon(t,tb) stand for the latitude and longitude coor-
dinates of the trajectory released at time t aer backward
calculation time tb, and Ax[lat(t,tb), lon(t,tb)] is the value of Ax
closest to the specied coordinates. For simplicity, the trajec-
tory is assumed to have spent the whole hour within the grid cell
specied by the momentary hourly location (i.e. no interpola-
tion between the hourly output locations is made), which is
indicated by the multiplication of each value with 1 h. Limiting
the backward calculation time to 72 h essentially acts as
© 2022 The Author(s). Published by the Royal Society of Chemistry
a simple weight coefficient for estimating the relevance of
emissions towards the aerosol loadings with increasing travel
time. In addition to this step-wise decrease in relevance, we
briey tested adding an exponential decay function to contin-
uously describe the potentially diminishing returns from
further-away emission sources but found no improvements
later on in the analysis. In Fig. 1 we show example single
trajectories and the related AME values when using population
density as Ax (AMEST,Pop). Note that the unit of AME can change
depending on the units of Ax.

When using the potential emissions sensitivity elds, which
directly contain the information of air mass residence times
during the past 72 hours, the AME is simply obtained as the
sum of the element-wise multiplication between the hourly PES
matrices and the anthropogenic activity eld:

AMEPES;x;HðtÞ ¼
Xmax

lat¼min

Xmax

lon¼min

Ax � PESHðtÞ (2)

Here the subscript PES denotes the use of potential sensitivity
elds, while x and H again specify the eld used for describing
the level of anthropogenic activities in Ax and the trajectory
height limitation, respectively. For the calculation of AMEPES,
the anthropogenic activity eld Ax is interpolated to match the
dimensions of the PES eld (800 � 800 grid, latitude: 20–60�N,
longitude 95–135�E, resolution 0.05�). While computationally
more expensive, the emission sensitivity elds should give
a more complete description of the air mass movements and
source regions.

2.3.1 Fields describing the level of anthropogenic emis-
sions or activities (Ax). The general purpose of Ax in the
formulation of AME is to provide a simple estimation of the
spatial variability in the overall potential for aerosol formation.
Since we know that in Beijing the vast majority of aerosol is of
anthropogenic origin, we want Ax to represent anthropogenic
emissions. Note that in environments, where other sources are
expected to dominate aerosol formation, the Ax eld could be
changed accordingly, as e.g. Tunved, Hansson59 use mono-
terpene emissions to investigate aerosol formation at a boreal
forest site. In this study we experiment with four different elds
for Ax, namely population density (Apop), SO2 emissions (ASO2

),
NOx emissions (ANOx

) and NO2 tropospheric column density
(ANO2

). The population density data is obtained from Gridded
Population of the World (GPWv4.11; CC BY 4,0) and it contains
the global population density on the year 2020 with a resolution
of 2.5 arc-minutes (�0.042�). The SO2 and NOx emissions are
from the Multi-resolution Emission Inventory for China
(MEICv1.3; http://meicmodel.org, last access 14 December
2021), representing emissions on the year 2017 with a resolu-
tion of 0.25� over Mainland China.60,61 Lastly, the NO2 tropo-
spheric column density is from the OMI/Aura Level-3 daily
global gridded (0.25�) nitrogen dioxide product (OMNO2d).62

Since our aim with using AME is to describe the effects of
changing transport conditions, and not changing emissions, we
use time-independent elds for Ax. In the cases of SO2 and NOx, we
use the annual average emission intensities for the year 2017 and
in the case of NO2 we use the annual average concentration for the
Environ. Sci.: Atmos., 2022, 2, 146–164 | 149
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year 2018, which is the rst year of our measurements. The elds
used in this study are displayed in Fig. 9 in the Appendix.

2.3.2 Use of height limitation (H) in the calculation of
AME. Anthropogenic emissions mostly occur at ground level
and are therefore largely trapped within the boundary layer,
particularly in short timescales (<1 week). In the calculation of
AME, our aim is to quantify the air mass exposure to these
anthropogenic emissions, which is why it is important to
consider where this exposure takes place. It is clear that air
masses travelling far above the daytime mixing layer will not be
affected by the surface emissions, and should therefore not be
included in the calculation of the AME. Consequently, one
possible way to formulate the height limitation in the calcula-
tions would be to only include air masses currently residing
within the estimated mixing layer, provided by the ECMWF
meteorological data. However, air masses in the residual layer,
located above the nighttimemixing layer, are still expected to be
exposed to the compounds emitted into the daytime mixing
layer,63 even if the residual layer is currently uncoupled from the
surface. Furthermore, emissions from some high-stack indus-
trial point sources such as power plants may be released above
the nighttime mixing layer. Considering these additional
interactions as well as uncertainties related to trajectory height
and estimations of the mixing layer height, we decided to use
constant height limitations around or below the typical daytime
mixing layer height. In the case of single trajectories (eqn (1))
the height limitation applies to the average trajectory, while in
the case of PES elds, the height limitation is applied to the
individual tracer particles. Discussion about the effects of
different height limitations and Ax elds in relation to the
predictive power of AME is presented in Sect. 3.2.1.

3 Results and discussion
3.1 New particle formation and the evolution of particle
number size distribution as a function of AMEST,Pop

Interpreting the connection between NPF and haze can be
obscured by the highly varying appearance of the particle
number size distributions produced by NPF events in Beijing.
Fig. 2 Particle number size distribution (colored fields; left y-axis) and AM
2018 displaying different kinds of developments after new particle form

150 | Environ. Sci.: Atmos., 2022, 2, 146–164
On some occasions, the newly formed particles clearly grow
from the nucleation mode to Aitken and accumulation mode
sizes, where their contribution to the submicron particle mass
can become signicant,19 while in other cases the particles
barely seem to grow out of the nucleation mode. Additionally,
sudden jumps towards larger particle sizes sometimes occur in
the number size distribution, which can make the origin of
these larger particles disputable. If the NPF events are clearly
observed to produce large particles only under certain condi-
tions, their overall importance towards haze formation remains
vague. However, changes in air mass source areas can signi-
cantly inuence the appearance of NPF event evolution on
a xed measurement site, especially in the case of spatially
inhomogeneous surroundings.64 Shis in air masses into areas
of stronger emissions can cause jumps towards larger particle
sizes, while a spatially limited NPF area could lead to observa-
tions of growth stagnation.

In Fig. 2 we present an example time-series of a particle
number size distribution during 4–9th December 2018. On top
of the particle number size distribution, we have plotted the 3
hour moving average value of the air mass exposure to anthro-
pogenic emissions using single trajectories, population density
and no height limitation in the calculation (AMEST,Pop; see Sect.
2.3), to illustrate the connection between the new particle
formation events, observed particle diameters and the AME.
During the presented ve-day period, four NPF events are
observed with one NPF event at around noon each day, except
on the 5th of December. All of the NPF events occur under clean
conditions where the number concentration of particles outside
the nucleation mode (particle diameter > 30 nm) is relatively
low. During these periods, the loss rate of low volatility vapors
onto existing particles is signicantly slower, which is likely the
main reason enabling the production of new particles via
nucleation.21 These clean periods are clearly represented by low
AME values (<104 h capita km�2) which result from north-
western airow (see Fig. 10 for air mass source regions during
the example period). The daytime situation during the 5th of
December clearly deviates from the other days as the AME
EST,Pop (black line; right y-axis) for a time period during 4–9 December
ation events in Beijing, China.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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remains high throughout the day and no NPF event occurs.
Regardless of this, an increase in the concentration of roughly
5–30 nm particles is seen around 6 AM, not unlike on the days
with NPF events. Based on the size range and the consistent
time of appearance, these particles most likely originate from
traffic emissions,16,50 which also contribute to the nucleation
mode particle concentrations in addition to NPF events.

Out of the four NPF events in Fig. 2, only two seem to produce
particles that markedly grow past the nucleation mode, while
with the other two, on the 6th and 7th of December, the growth is
seemingly disrupted as the NPF-related mode disappears from
our observations relatively soon aer its appearance. In these
cases of seemingly disrupted growth, the AME stays low as the
source region of the arriving air mass remains in the north-west
(Fig. 10). The growth stagnation and the disappearance of the
particle mode from our observations suggest that the spatial
extent of NPF is limited to nearby areas in the north-west direc-
tion.52,65 Therefore, a possible explanation for these observations
could be that practically no NPF occurs in the clean air masses
descending from the mountainous area until they are mixed with
precursor vapors emitted in the North China Plain.

In the cases where growth to large particle sizes is observed,
also the AME clearly reaches higher values. The increasing AME
corresponds to situations where the air mass circulates via
southern regions before reaching our observation site in Beijing
(Fig. 10). This circulation allows for an extended period in the
high-emission environment, which seems vital for the production
of large particles. In the same manner as increasing AME allows
for larger particles, decreasing AME could potentially decrease the
size of the observed particles. Some indication of this can be seen
during the early hours of December 9th. Also, an abrupt decrease
in the AME will effectively clean the air from particles as seen
around the midnight between the 5th and 6th of December.

It is important to note that both the observed particle size
distribution and the AME are dependent on the location of the
measurement site. This is especially relevant when considering
the NPF events occurring on the 6th and the 7th of December.
While the growth of the particles produced in these events is
clearly limited in Beijing, the particles will most likely continue
growing as they are advected further south within the polluted
urban region. This is suggested by the continuous growth with
increasing AME aer the two other NPF events. Therefore, the
appearance of NPF events at a xed measurement site does not
necessarily give a complete representation of their importance
towards the formation of larger particles. For example, at
a measurement site located in the middle of a vast highly
populated region, the AME and the condensation sink could
constantly be so high that NPF is very rarely observed, but this
would not mean that the high CS at that measurement site
could not be contributed by NPF happening upwind. Similarly,
the contribution from the growth of other small particles
emitted by e.g. traffic could be obscured.

While the example period shown in Fig. 2 only gives a short
glimpse on the observed connection between particle size distri-
butions and the AME, similar behavior was found throughout the
measurement period. In Fig. 3a, we show the median particle size
distribution as a function of binned AME values during the years
© 2022 The Author(s). Published by the Royal Society of Chemistry
2018 and 2019. Despite the varying aspects of particle growth
events as a function of time (as seen in Fig. 2), the particle size
distribution can be seen to represent continuous growth when
sorted based on the AME value. This gure can essentially be seen
as an illustration of the size distribution development as observed
along an initially clean air mass entering and travelling over the
highly populated North China Plain region with a continuous
supply of anthropogenic emissions for aerosol formation.

In Fig. 3b, we show the median number concentrations of
particles in different size ranges with the same x-axis as in Fig. 3a.
The fact that the number of larger particles (diameter > 50 nm) is
low with low AME and increases slowly at rst, suggests that these
larger particles are neither formed in cleaner air masses nor
emitted directly from local primary sources in signicant amounts.
Instead, these larger haze-forming particles seem to result from the
growth of the smaller ones, as the number concentration of the
large particles starts to increase much faster aer the growing
mode reaches these sizes. The close resemblance of the obtained
particle number size distribution and that of an NPF event points
towards an important role of the growth of nucleation mode
(diameter < 30 nm) particles in haze formation. We note, however,
that the sub-30 nm particle concentration is affected by both NPF
and primary particle emissions from e.g. traffic, and that this
illustration does not attempt to separate between the importance
of these sources. In addition, haze formation could undoubtedly
occur also without NPF, as the strong primary particle emissions
wouldmost likely be able to provide surfaces for secondary aerosol
formation as well as accumulate themselves over time. Yet, the
strong inux of particle number and surface area from NPF events
is likely to increase the rate at which mass accumulation occurs,
therefore affecting the duration, severity and frequency of haze
events.19

Fig. 3c further illustrates the impact of AME on the observed
aerosol loadings by showing the response in total volume
concentration. The bin median volumes can be seen to increase
nearly linearly (on the log–log scale) with the increasing AME,
and even the hourly data shows a moderate to strong positive
correlation. With the largest AME values, however, the effect
seems to show some saturation. The weakening response to
increasing AME is also seen in the development of the number
size distribution (panels a and b). This behavior might be an
indication of the limited capability of population density in
representing the relevant emission for aerosol formation.
3.2 AME based regression model for predicting particle
volume concentration and PM2.5

3.2.1 Comparison of different formulations for calculating
AME. Using population density in describing emission from
anthropogenic activities provides an intuitive approach to the
subject at hand. It clearly highlights the inuence of humans on
air pollution and displays the harmful combination where the
adverse health effects from pollution are amplied due to the
large number of people affected. In addition, population
density is likely to represent a wide range of emission sources
(as well as emissions of different kinds of compounds) e.g.
traffic, residential cooking and heating, that are all important
Environ. Sci.: Atmos., 2022, 2, 146–164 | 151
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Fig. 3 (a) Hourly median particle number size distribution, (b) number concentrations and (c) total volume concentration as a function of AMEST,Pop
during 2018–2019 in Beijing. Panel (d) shows the number of data points (hourly median values) in each bin of (a) and (b). For the calculation of the
total aerosol volume in panel (c) DMPS data was used instead of the PSD data used in (a) and (b) due to more continuous data coverage and
negligible contribution of the smallest (sub 6 nm) particles. In panel (c) the colored circles represent hourly median data and the white squares show
the bin median values. The fit and the Pearson's correlation coefficient (r) in panel (c) correspond to the hourly (non-binned) data.
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sources of aerosol. However, emissions from industrial regions
are likely underrepresented. In the following sections, we will
derive a simple model for estimating particle volume and mass
concentration based on meteorological conditions, and for this
purpose we want to nd if other formulations of AME provide
more relevant information in terms of aerosol formation. In
addition to population density, we will consider the emissions
of SO2 and NOx from the MEICv1.3 emission inventory60,61 due
to the known signicant contributions of sulfate and nitrate
compounds for aerosol in China. We will also consider satellite
observations of NO2 during the year 2018 for a more purely
observation-based description of the spatial variability. The
performance of the different approaches is evaluated based on
the correlation coefficients between the used approach and the
hourly and daily total aerosol volume. The results including the
different anthropogenic activity elds as well as height limita-
tions and trajectory types are presented in Table 1.

Looking rst at the effect of height limitation (see Sect. 2.3.2 for
discussion of motivation), we nd that with single trajectories
152 | Environ. Sci.: Atmos., 2022, 2, 146–164
limiting the height to 2 km has very little effect. The mean ratio of
the AMEST,Pop values with the 2 km limitation to that with no
limitation is 0.96 indicating that the trajectories rarely cross the 2
km limit during the 72 h backward calculation time. Mostly
similar correlations are also observed using the potential emission
sensitivity elds with either 500 m limitation or no limitation,
although the mean ratio of the AMEPES,Pop values is only 0.78.
However, apart from using population density as the activity eld,
the 500 m limitation generally seems to improve the correlation,
indicating some usefulness of the height limitation in describing
the relevant surface interactions. While limiting the examination
to the lowest 100 m basically ensures that the included air masses
are always within the boundary layer, it is clear that relevant
information about the air mass movements and surface interac-
tions is lost, as the correlation with the 100 m limit is typically
clearly worse than that using the 500 m limit or no limit.

Looking at the case of no height limitation, we can compare
the effect of using emission sensitivity elds as opposed to single
trajectories. In almost all cases, the correlation is seen to improve
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Correlation coefficients for total particle volume vs. AME using different approaches for the calculation of the AME value (see Sect. 2.3
for more details). Here, the considered trajectory types are single trajectories with either no height limitation (none) or limited to 2 km (a.g.l), and
emissions sensitivity fields limited to 100 m, 500 m and no limitation. The considered anthropogenic activity fields are SO2 and NOx emissions
from the MEIC emission inventory, population density and NO2 concentration from OMI satellite observation. The correlation coefficients for
these 20 different approaches are presented for hourly and daily average values. Overall, the differences between different approaches are small,
but using the more informative emission sensitivity fields and estimated emissions of trace gases relevant for aerosol formation provide some
improvements

Data

Single trajectories Potential emission sensitivities

Hourly Daily Hourly Daily

H. limit 2 km None 2 km None 100 m 500 m None 100 m 500 m None

Pop 0.66 0.66 0.72 0.72 0.51 0.63 0.67 0.59 0.69 0.71
SO2 0.73 0.73 0.78 0.77 0.76 0.79 0.76 0.81 0.82 0.78
NOx 0.69 0.70 0.76 0.75 0.69 0.76 0.76 0.74 0.79 0.77
NO2 0.75 0.76 0.78 0.77 0.71 0.78 0.77 0.81 0.82 0.77
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with the emission sensitivity elds, as would be expected due to
the more informative description of air mass history. However,
the improvements are mostly visible with the hourly data,
whereas with daily averaging the benets gained from the more
accurate description of momentary air mass source areas seem
less signicant. Herewewould like to remind that in our case, the
single trajectories are calculated from the multi-tracer retro-
plumes, and therefore single trajectories from single-tracer
simulations would not necessarily perform equally well.

Comparing the values within each column of Table 1 shows
that while no major differences are observed between the different
anthropogenic activity elds, using population density always
results in the lowest correlation. The population density is likely to
describe well emissions from residential and transport-related
sources while being less representative of emissions from e.g.
industrial regions. Thus, on the one hand, the good overall
correlation with population density highlights the importance of
the former sources while, on the other hand, the better perfor-
mance of the other elds speaks for the importance of the latter.
(Some notable regions with relatively low population density
compared to the emissions of SO2 and NOx seem to be located in
Hebei to the east of Beijing and in the coastal Shandong to the
southeast of Beijing (see Fig. 9 for maps of the different elds).)
The correlations are mostly similar with either NOx or SO2 emis-
sions, likely due to the shared or co-located emission sources, but
SO2 seems to perform slightly better. The NO2 concentration,
which was specically retrieved for the time-period of this study,
oen performs similarly to the SO2 emissions. It should be noted
that in addition to emission intensity, the NO2 distribution is
affected by atmospheric transport with NOx lifetime being up to 1
d.66 Overall, the best correlations for both the hourly and daily data
are found with using emission sensitivity elds with 500 m height
limitation and either the SO2 emissions or the NO2 concentration.
In the following sections we will proceed with using the SO2

emissions as the satellite observations are more complicated to
retrieve, process and interpret. We note, however, that using
satellite data (or population density) provide good alternatives in
case emission inventories are not available. In Fig. 11 we have
reproduced Fig. 3 but now using the AMEPES,SO2,500 m instead of the
AMEST,Pop. Note especially how the saturating effect with high AME
© 2022 The Author(s). Published by the Royal Society of Chemistry
values seen in Fig. 3 is no longer observed, again indicating the
higher relevance of this metric.

3.2.2 Impact of additional meteorological variables. From
the analysis presented this far, it is clear that the airmass transport
pathway, and more specically, the extent of exposure to anthro-
pogenic emissions has a signicant impact on the observed
particle loadings in Beijing. In the previous section we found that,
while the simplest and arguably most intuitive way of describing
anthropogenic exposure by using single trajectories and pop-
ulation density performs reasonably well, the ‘more sophisticated’
methods of using potential emission sensitivities combined with
emission inventories seem to provide even more relevant infor-
mation in terms of aerosol formation. Thus, in order to assess the
full potential of the method in the development of the regression
model, we will continue our analysis with using the AMEPES,SO2,500

m. In the regression model, we will also be using daily averages
instead of the hourly data. The intended use of the regression
model is to provide a simple way to (1) forecast particle volume and
mass concentrations, (2) give an estimate of the impact of mete-
orology on the observed concentrations e.g. to ensure compara-
bility of datasets from different time periods and (3) further
evaluate the effect of changes not included in the model e.g.
changes in emissions to the observed concentrations. For these
purposes, the daily averages are oen sufficient. Our intent is also
to nd a description that could be used regardless of the season.
When considering the effects of othermeteorological variables, the
inuence of seasonal trends can be difficult to disentangle from
the diurnal variability, but using daily averages simplies the
situation. Averaging is also useful for lessening the impact of local
pollution plumes which can not be expected to be predicted by our
method, but can be a frequent occurrence in a highly urban
environment.

In addition to transport conditions, described by the AME,
other meteorological factors can contribute to the observed
aerosol loadings in several ways. Likely the most inuential
meteorological factors affecting aerosol formation and the
observed loadings are: mixing layer height (MLH), temperature
(T), relative humidity (RH), precipitation and wind speed (WS).
Changes in MLH affect the volume in which the aerosol is
distributed in, T affects the reaction and condensation rates of
Environ. Sci.: Atmos., 2022, 2, 146–164 | 153
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different species and RH affects aqueous aerosol formation,
which is oen discussed to carry signicant impact especially to
the wintertime aerosol loadings in Beijing. RH can also be an
indicator for rainy air masses that could mean increased wet
deposition along the transport pathway. Aerosol wet deposition
is not included in the calculation of the air mass history and can
therefore have signicant effects on the relationship between
AME and the observed concentrations. However, modelling
aerosol wet deposition is also known to be difficult for the
models, and its inclusion would not necessarily improve the
description. Apart from effects to MLH, wind speed affects the
travel times of air masses over different areas and thus the
accumulation of pollutants from these areas. However, this
effect should already be included in the calculation of the AME,
and thus no inuence from WS is expected unless other factors
are at play. One notable meteorologically inuenced factor that
will not be examined in this analysis, is the received solar
radiation. Solar radiation is important for OH production and
thus for the formation of oxidized species that can signicantly
contribute to secondary aerosol formation. The reason for
excluding this effect is that we wanted to use only local and
easily accessible measurements. Using local T and RH is
sensible as they also carry information of advection and are
related to a specic air mass, and the local MLH can have strong
instantaneous effects to the aerosol loadings, but for radiation
one would need to consider the integrated radiation sum along
the transport pathway for it to be meaningful. For this, addi-
tional observations from several different stations around the
actual measurement site would be required, or the received
radiation would have to be modelled, which would again have
high uncertainties due to difficulties in modelling cloudiness.
Fig. 4 Daily average AMEPES,SO2,500 m vs. aerosol volume concentration (a
T (c), RH (d) and WS (e) for the years 2018–2019.

154 | Environ. Sci.: Atmos., 2022, 2, 146–164
In Fig. 4 we show the daily average aerosol volume concen-
tration as a function of the AMEPES,SO2,500 m for the years 2018–
2019 and the t residuals, dened as the logarithm of the ratio
between the observed volume concentration and the t in
Fig. 4a, as a function of MLH, T, RH and WS. As also shown in
Table 1, we nd a strong correlation between the AME and the
volume (r¼ 0.82), but some dependencies of the t residuals on
the included meteorological variables are also found. The
strongest residual dependency is found as a function of the
MLH, as the observed values exceed (fall below) the t predic-
tion at low (high) MLH values, as expected based on the effects
of MLH on the volume for dilution. Signicant, but clearly
weaker negative correlation is found between the residuals and
T, and a very weak correlation with WS. The correlation with
temperature could be related to increased volatility at higher
temperatures, but it can also reect the seasonal changes in
anthropogenic emissions, as the emissions are generally lower
during summer. A weak positive correlation with the residuals
and deseasonalized temperature (r ¼ 0.18; not shown) suggest
that the latter explanation might be more probable. This is
further supported by a very weak positive correlation with the
residuals and temperature if the AME is calculated using
monthly emissions instead of the annual average. No correla-
tion is found between the residuals and RH.

While practically no dependency on WS is expected, the lack of
correlation with RH is more interesting. Many studies discuss the
importance of RH for the development of high pollution episodes
in Beijing, particularly due to the increased aqueous phase
formation of sulfate. A positive correlation between the daily
average RH and aerosol volume is also found here (r ¼ 0.48;
Fig. 12). However, we also nd a positive correlation between AME
) and the fit residuals (defined as log(V)–log(fit)) as a function of MLH (b),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Daily average AMEPES,SO2,500 m vs. aerosol volume concentra-
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and RH (r ¼ 0.59), meaning that the occurrence of high pollution
episodes under high RH conditions is at least partly connected to
the increased AME values indicating southern air mass transport.
Since no RH dependency is found aer accounting for the changes
in AME (Fig. 4d), some of the effects attributed to elevated RH
might actually be related to shis in air mass transport pathways
over generally more polluting areas, as well as to more aged
emissions, both reected by the increasing AME values. The
underlying reasons behind the correlation between AME andRH is
likely connected to the fact that the air masses arriving from areas
of low anthropogenic inuence in the north-western sector
descend down from the mountains and the associated adiabatic
warming will decrease the RH of these air masses, which are likely
to be relatively dry already in the rst place. Conversely in the
south, the subtropical, marine and urban inuence can all act to
increase RH. Additional links between southern transport and
increased RH also exist as, e.g.Huang, Ding31 shows that southern
transport of black carbon from Yangtze River Delta to the upper
boundary layer in North China Plain can cause boundary layer
stabilisation via upper level warming and lower lever cooling, and
thus lead to increased surface RH. While, RH is known to alter the
formation mechanisms of secondary aerosol,26 based on the result
shown here, it is possible that the total efficiency of aerosol
formation is not strongly affected by the RH conditions. This could
be related to e.g. stronger photochemical production during low
RH conditions. However, this analysis is further complicated by
the seasonality of RH (high during summer), whereas the effects of
RH on formation pathway are mostly discussed in winter. When
looking at the t residual dependencies separately during winter
(Nov–Feb) and summer (May–Aug), still only weak positive corre-
lations are found (r � 0.2; not shown). Similar positive correlation
is also found when using deseasonalized RH data or AME values
calculated using monthly emissions (r � 0.2; not shown). While
more detailed investigations about the relationships of AME,
particle volume and RH are interesting topics for further studies,
we will proceed without attempting to isolate the specic depen-
dencies in order to maintain simplicity in the model.

In addition to themeteorological parameters included in Fig. 4,
we also investigated the t residual as function of local daily
precipitation. This is done to investigate the effect of wet deposi-
tion, which was not included in the trajectory calculations.
Somewhat surprisingly, no dependency between the residuals and
precipitation was found with the jrj and p values being #0.11 and
>0.05, respectively, regardless of the data handling (log or linear
scale, days without rain included or not). Similar results have,
however been obtained in other studies as well. For example, Sun,
Zhao67 and Zhao, Sun68 investigate the effect of precipitation on the
observed PM2.5 in Beijing and nearby regions and nd varying
responses depending on the precipitation intensity and PM
loading. Under light precipitation (and especially under low PM),
the hourly PM concentrations actually tend to increase, whereas
clear PM removal is only observed under intense precipitation (and
high PM loadings). Under the typical precipitation (and PM)
conditions, the PM concentration seems largely unaffected by
precipitation. Since our daily precipitation values do not neces-
sarily represent the varying impacts of different precipitation
intensities, we also performed the analysis using daily maximum
© 2022 The Author(s). Published by the Royal Society of Chemistry
precipitation values, but the results were essentially unchanged.
Therefore, it seems that no simple way of describing the effects of
precipitation can be included. We also note, that while removing
days with any precipitation from our analysis would improve the
correlation coefficients shown in Table 1 by 0.00–0.07, we do not
nd clear justication for doing so.

Based on the results shown in Fig. 4, it seems clear that
accounting for changes in the MLH should improve the perfor-
mance of the predictive model. Since there is a moderate negative
correlation between AME and MLH (r ¼ �0.42; Fig. 12), we expect
the slope of our initial t to all data in Fig. 4a to be affected by this
dependency. In order to quantify the effect of changing AME to
volume, without the simultaneous impact from changingMLH, we
inspect the dependency with binned MLH data in Fig. 5. We nd
that the slopes of the ts in different MLH bins stay relatively
constant, while the intercept is more clearly affected.

We then incorporate the MLH dependency into the regres-
sion model by using a constant slope, calculated as the obser-
vation weighted average of the slopes in the different MLH bins,
and by letting the intercept be dependent on MLH. By doing
this, we obtain the following equation for the predicted daily
average aerosol volume concentration:

log10
�
Vpredicted

�¼ 0:624 log10ðAMEÞ þð12:1� 0:480 log10ðMLHÞÞ

Vpredicted ¼ 1012:1
AME0:624

MLH0:480
(3)

Here Vpredicted has the unit of nm
3 cm�3, AME is the daily average

AMEPES,SO2,500 m in mega grams of SO2 (representing the cumu-
lative SO2 mass emitted into the observed air mass during the
past 72 h) and MLH is the daily average mixing layer height in
meters. In Fig. 6, we show the correlation between the predicted
volume concentrations using eqn (3) and the observed volume as
well as the t residuals similar to Fig. 4. We nd that accounting
for the changes in MLH slightly improves the overall strong
correlation (from r ¼ 0.82 to r ¼ 0.86) and that only a very weak
dependency of the t residual from T remains, while RH and now
also WS show no correlation. We note that further adding T as
a predictor only improves the correlation by 0.003 and is therefore
not included into the regression model. As such, our nal model
tion in different MLH bins during the years 2018–2019.
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for predicting aerosol volume concentration only includes the
dependencies on AME and MLH and is given by eqn (3).

3.2.3 Applying the model to PM2.5 data and investigating
the effects of the COVID-lockdown. Despite the grievous conse-
quences of the COVID-19 pandemic, the related lockdown
measures have provided signicant opportunities for atmospheric
scientist to study the effects of abrupt large-scale changes in
anthropogenic emissions to air pollution. During the most strin-
gent lockdown measures in China during February 2020, the
nationwide emissions of SO2, NOx, non-methane volatile organic
compounds (NMVOCs) and primary PM2.5 were all estimated to be
around 30% lower than during the corresponding period in 2019.69

During other months of 2020, the estimated reductions were
clearly lower, around 0–10%, for the same components. The
emissions from the industrial and transportation sectors were
most affected, leading to generally stronger reductions in the
highly populated and industrialized parts in the northern and
central China.

Due to limited data availability at our measurement station
during 2020, and because of the larger general interest towards PM
concentrations, we use PM2.5 data from the nearest national
monitoring station (Guanyuan) in this section. Repeating the same
steps as in the previous section for volume concentration and
using data from the years 2018–2019, we obtain the following
equation for predicting the PM2.5 concentration as a function of
AME and MLH:

PM2:5;Predicted ¼ 103:29
AME0:582

MLH0:475
(4)

Here PM2.5,predicted is obtained in mg m�3 and AME and MLH are
the same as in eqn (3). In Fig. 7, we show the resulting correlations
between the observed and predicted PM2.5 using eqn (4) separately
Fig. 6 Predicted daily average volume concentration (see eqn (3)) vs. th
log(Vobserved)–log(fit)) as a function of MLH (b), T (c), RH (d) and WS (e) f

156 | Environ. Sci.: Atmos., 2022, 2, 146–164
for themodel setup period (2018–2019) and for the year 2020. Since
no emission changes are considered in the predicted PM2.5, the
expected result from the reduced emissions in 2020 would be that
the observed PM2.5 concentrations fall below the predicted ones.
However, it is not clear if this is the case, as the t to the data in
Fig. 7b still quite closely matches the 1 : 1 line. Using Student's t-
test on the logarithm of the ratio between the observed and pre-
dicted PM2.5, we nd that while the data for 2020 does not repre-
sent a normal distribution with a mean of zero (with a 5%
signicance level), the null hypothesis that the data from the 2018–
2019 and 2020 periods would be from normal distributions with
equal means and variances is only barely rejected (p ¼ 0.047). In
Table 2, we have listed further statistics on the performance of the
predictive model separately for the 2018–2019 and the 2020
periods, as well as for all data combined. In general, the included
statistical measures indicate that the predictive model performs
quite similarly for the 2020 period but both the normalized mean
bias and the mean bias show that the underprediction by the
model in 2018–2019 turns into a slight overprediction in 2020. This
is in line with the expected behavior where the reduced emissions
in 2020 would yield reduced PM2.5 concentrations. However, the
effect is only on the order of a few mg m�3, and the statistical
signicance of this result is unclear.

As mentioned earlier, the most stringent lockdown measures
took place in February 2020, and generally the tighter restrictions
spanned from late January to April. Therefore, during these periods
we would expect to see the clearest differences between observa-
tions and the prediction. In Fig. 8a, we show the time series of the
predicted and observed daily average PM2.5 for the whole study
period and in Fig. 8b the absolute and relative differences between
the two. The period with tighter restrictions in 2020, and the cor-
responding period in 2019 are highlighted in grey. Contrary to
e observed volume concentration (a) and the fit residuals (defined as
or the years 2018–2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Predicted daily average PM2.5 (see eqn (4)) vs. observed PM2.5 separately for the years 2018–2019 (a) and 2020 (b).
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expectations, the mean bias is quite clearly negative during the
tighter restriction, meaning higher-than-predicted PM2.5 concen-
trations. In addition, when comparing the Jan–April period to the
previous months, the model seems to be moving from over-
predicting to underpredicting, which is also opposite to the ex-
pected trend around the onset time of the restrictions. On the other
hand, during the corresponding period in 2019, similar behavior
and even a larger underprediction by the model is observed, which
could suggest other unaccounted factors contributing to the
underprediction during this time.

Similar results have also been obtained in other studies.While
it is clear that the lockdown caused signicant reductions in the
emissions of several pollutants, including primary PM, this did
not directly translate into similar reductions in the resulting PM
concentrations in Beijing. A WRF-Chem study by Huang, Ding70

concluded that especially the disproportionate reductions in NOx

and VOCs enhanced secondary pollution to an extent that could
even offset the effect of primary PM reductions. They found that
the ratio of the modelled and observed PM2.5, without consid-
ering lockdown emission changes, did not signicantly change as
the lockdownmeasures started, and could also clearly fall below 1
as in our results. Similar ndings were obtained by another
chemical transport modelling (WRF-CMAQ) study, where the
modelled concentrations without including the lockdown effects
Table 2 Predictive model performance for 2018–2019, 2020 and all
data. FF2: fraction of data points within factor of 2, MB: mean bias
(negative values indicate underprediction by the model), NMB:
normalized mean bias, RMSE: root-mean-square error and NMRSE:
normalized root-mean-square error

2018–2019 2020 All data

FF2 0.88 0.88 0.88
MB (mg m�3) �3.80 0.68 �2.26
NMB �0.09 0.02 �0.05
RMSE (mg m�3) 22.22 20.69 21.71
NRMSE 0.50 0.53 0.51

© 2022 The Author(s). Published by the Royal Society of Chemistry
were on the order of 10–20% larger than the observed ones.71 A
machine learning study using air mass back trajectories, meteo-
rological parameters and time as predictor variables also found
varying inuences of the lockdown measures, with the observed
values exceeding the predicted ones on average by more than
40% during an early period of the lockdown, while during later
stages the observed PM concentrations fell below the predicted
ones by more than 30% on average.49

When comparing the situation only during the most strin-
gent restrictions in February 2020 with February 2019, we expect
the PM2.5 in 2020 to be higher by 16.2 mg m�3 based on our
predictive model. Since the observed increase is only 8.0 mg
m�3, this would give us an estimate of the PM2.5 reduction
caused by the reduced emission in Feb 2020 to be around 8 mg
m�3. These results match well with the results of a GEOS-Chem
study by Hammer, van Donkelaar,46 where the PM2.5 increase
due to meteorological conditions in Feb 2020 compared to Feb
2019 is estimated to be around 15–20 mg m�3, while the
reduction due to emission changes is around 6–7 mg m�3.
4 Summary and conclusions

In this study, we investigate the evolution of aerosol number size
distribution, aerosol volume concentration and PM2.5 as a function
of air mass exposure to anthropogenic emissions (AME) in Beijing
during the years 2018–2020. We dene AME as the product of air
mass residence time and an anthropogenic activity eld during
a 72 h backward calculation time. We test the applicability of
different anthropogenic activity elds and nd SO2 emissions to be
most suitable considering accessibility and relevance for aerosol
formation. We also nd benets from using airmass retroplumes
instead of single trajectories and including a height limitation for
the considered air masses in the calculation of AME.

Examining the evolution of particle number size distribution
in conjunction with AME displays the signicant importance of
accounting for air mass transport routes when interpreting the
Environ. Sci.: Atmos., 2022, 2, 146–164 | 157
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Fig. 8 (a) Time series of the predicted and observed daily average PM2.5 for thewhole period and (b) the relative (left y-axis, black) and absolute (right y-
axis, red) differences between the two. In panel (b) the black and red dots correspond to individual days and the lines display the 7 daymoving averages.
The highlighted areas in panel (b) show the period ofmost significant lockdownmeasures in 2020 and the corresponding period in 2019. The GMR and
MB refer to the geometric mean ratio and the mean bias between the predicted and observed PM2.5 values during the highlighted time periods.
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appearance and the possible relevance of new particle formation
events towards pollution episodes. With limited AME, the NPF
events can appear to enter a phase of growth stagnation, even
though the formed particles are likely to continue growing outside
of our observations. When continuous, cumulatively increasing,
input of anthropogenic emissions is provided, we nd clear
growth with distinct contributions to the number concentrations
of large accumulation mode particles. Overall, our results point
towards important roles of the nucleation mode particles, formed
in NPF events or emitted from primary sources, and secondary
aerosol formation in the development of pollution episodes.

We further use the AME as a basis for building a regression
model for predicting aerosol volume and mass concentrations
with respect to changing meteorological conditions using daily
average data during the years 2018 and 2019. When investigating
the residuals between the observed concentrations and the initial
AME-based prediction as a function of basic meteorological vari-
ables (MLH, T, RH, WS, precipitation), we nd that only MLH
provides considerable additional information for the prediction,
when considering all data as a bulk. The lack of dependency with
precipitation is somewhat surprising but comparable results,
suggesting minor changes in PM under typical precipitation
conditions, have been found in other studies as well. While the
correlation between AME and RHmerits further investigations due
to possible inuence on interpreting the effects of RH on aerosol
formation, we decided to omit the examination of more intricate
dependencies here to maintain model simplicity. We, however,
emphasize the need to account for varying transport conditions
when studying aerosol formation in Beijing. The nal AME and
MLHbased regressionmodels for volume concentration and PM2.5

both show strong correlation with observations (r ¼ 0.86 and r ¼
158 | Environ. Sci.: Atmos., 2022, 2, 146–164
0.82, respectively), displaying considerable usefulness even with
a highly simplied model.

Finally, we apply the PM2.5 model for the year 2020 in order to
study the effects of the COVID-19 related lockdown measures on
PM2.5 concentrations. Despite the signicant emission reductions,
the model was found to match the observations with similar
accuracy as during the setup periodwith only a small change in the
overall bias. Focusing on the time period with tighter lockdown
measures showed on average higher than predicted PM2.5

concentrations, which is contrary to the generally expected
behavior from emission reductions. Similar results indicating even
increased PM2.5 formation during the lockdown around Beijing
have, however, been also found by other studies that attribute the
nding to increased efficiency in secondary aerosol formation.
More generally, these results highlight the complexity of atmo-
spheric aerosol formation and display the necessity of careful
planning when targeted emission reductions with the intent of
reducing PM2.5 pollution are made.
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Appendix
Fig. 9 Fields used for describing the spatial variation in anthropogenic activities or emissions (Ax). Panels (a) and (b) annual SO2 and NOx

emissions (year 2017) from the MEICv1.3 emission inventory,60,61 (c) population density (year 2020) (GPWv4.11; CC BY 4,0) and (d) NO2 tropo-
spheric column density (year 2018).62
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Fig. 10 Development of air mass source regions for a time period during 4–9th December 2018 displayed using emission sensitivity fields.
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Fig. 11 (a) Hourly median particle number size distribution, (b) number concentrations and (c) total volume concentration as a function of
AMEPES,SO2,500 m during 2018–2019 in Beijing. Panel (d) shows the number of data points (hourly median values) in each bin of (a) and (b). For the
calculation of the total aerosol volume in panel (c) DMPS data was used instead of the PSD data used in (a) and (b) due to more continuous data
coverage and negligible contribution of the smallest (sub 6 nm) particles. In panel (c) the colored circles represent hourly median data and the white
squares show the bin median values. The fit and the Pearson's correlation coefficient (r) in panel (c) correspond to the hourly (non-binned) data.

Fig. 12 Pearson's correlation coefficients between the daily average
values of aerosol volume concentration, AME and different meteoro-
logical variables during 2018 and 2019. Logarithmic values are used for
all other variables except T and RH. Self-correlations and cases where
p > 0.05 are shown as NaN.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

8/
20

26
 3

:4
8:

21
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Acknowledgements

This study was funded by the Academy of Finland (ACCC Flag-
ship, project 337549; Centre of Excellence program, projects
272041 and 307331; Pro 3 program, project 311932; Academy
professorship, project 302958; and projects 325656 and 325647),
Russian Mega Grant project: “Megapolis – heat and pollution
island: interdisciplinary hydroclimatic, geochemical and ecolog-
ical analysis” (application reference 2020-220-08-5835), INAR
project funded by Jane and Aatos Erkko Foundation: “Quanti-
fying carbon sink, CarbonSink+ and their interaction with air
quality”, the European Research Council (ERC) under the Euro-
pean Union's Horizon 2020 research and innovation program
(ATM-GTP, grant agreement 742206; FORCeS, grant agreement
821205), Samsung PM2.5 SRP and the Doctoral Programme in
Atmospheric Sciences at the University of Helsinki (ATM-DP).
References

1 B. Lv, B. Zhang and Y. Bai, A systematic analysis of PM2.5 in
Beijing and its sources from 2000 to 2012, Atmos. Environ.,
2016, 124, 98–108.
Environ. Sci.: Atmos., 2022, 2, 146–164 | 161

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ea00089f


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

8/
20

26
 3

:4
8:

21
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2 J. Wang, B. Zhao, S. Wang, F. Yang, J. Xing, L. Morawska,
et al., Particulate matter pollution over China and the
effects of control policies, Sci. Total Environ., 2017, 584–
585, 426–447.

3 J. Sun, J. Gong, J. Zhou, J. Liu and J. Liang, Analysis of PM2.5
pollution episodes in Beijing from 2014 to 2017:
Classication, interannual variations and associations with
meteorological features, Atmos. Environ., 2019, 213, 384–394.

4 P. K. Quinn, S. F. Marshall, T. S. Bates, D. S. Covert and
V. N. Kapustin, Comparison of measured and calculated
aerosol properties relevant to the direct radiative forcing of
tropospheric sulfate aerosol on climate, J. Geophys. Res.:
Atmos., 1995, 100(D5), 8977–8991.

5 M. O. Andreae and D. Rosenfeld, Aerosol–cloud–
precipitation interactions. Part 1. The nature and sources
of cloud-active aerosols, Earth-Sci. Rev., 2008, 89(1–2), 13–41.

6 Z. Cheng, J. Jiang, C. Chen, J. Gao, S. Wang, J. G. Watson,
et al., Estimation of aerosol mass scattering efficiencies
under high mass loading: case study for the megacity of
Shanghai, China, Environ. Sci. Technol., 2015, 49(2), 831–838.
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U. Pöschl and B. Ervens, Aitken mode particles as CCN in
aerosol- and updra-sensitive regimes of cloud droplet
formation, Atmos. Chem. Phys., 2021, 21(15), 11723–11740.

8 Z. An, R.-J. Huang, R. Zhang, X. Tie, G. Li, J. Cao, et al., Severe
haze in northern China: a synergy of anthropogenic
emissions and atmospheric processes, Proc. Natl. Acad. Sci.
U. S. A., 2019, 116(18), 8657–8666.

9 Y. Zhou, L. Dada, Y. Liu, Y. Fu, J. Kangasluoma, T. Chan,
et al., Variation of size-segregated particle number
concentrations in wintertime Beijing, Atmos. Chem. Phys.,
2020, 20(2), 1201–1216.

10 W. Du, L. Dada, J. Zhao, X. Chen, K. R. Daellenbach, C. Xie,
et al., A 3D study on the amplication of regional haze and
particle growth by local emissions, npj Clim. Atmos. Sci.,
2021, 4(1), 4.

11 V. M. Kerminen, L. Pirjola and M. Kulmala, How
signicantly does coagulational scavenging limit
atmospheric particle production?, J. Geophys. Res.: Atmos.,
2001, 106(D20), 24119–24125.

12 J. R. Pierce and P. J. Adams, Efficiency of cloud condensation
nuclei formation from ultrane particles, Atmos. Chem.
Phys., 2007, 7(5), 1367–1379.

13 M. Kulmala, V. M. Kerminen, T. Petaja, A. J. Ding and
L. Wang, Atmospheric gas-to-particle conversion: why NPF
events are observed in megacities?, Faraday Discuss., 2017,
200, 271–288.

14 R. Cai, C. Yan, D. R. Worsnop, F. Bianchi, V.-M. Kerminen,
Y. Liu, et al., An indicator for sulfuric acid–amine
nucleation in atmospheric environments, Aerosol Sci.
Technol., 2021, 1–11.

15 P. Paasonen, K. Kupiainen, Z. Klimont, A. Visschedijk,
H. A. C. D. van der Gon and M. Amann, Continental
anthropogenic primary particle number emissions, Atmos.
Chem. Phys., 2016, 16(11), 6823–6840.

16 J. Cai, B. Chu, L. Yao, C. Yan, L. M. Heikkinen, F. Zheng,
et al., Size-segregated particle number and mass
162 | Environ. Sci.: Atmos., 2022, 2, 146–164
concentrations from different emission sources in urban
Beijing, Atmos. Chem. Phys., 2020, 20(21), 12721–12740.

17 R.-J. Huang, Y. Zhang, C. Bozzetti, K.-F. Ho, J.-J. Cao, Y. Han,
et al., High secondary aerosol contribution to particulate
pollution during haze events in China, Nature, 2014,
514(7521), 218–222.

18 J. Duan, R. J. Huang, C. S. Lin, W. T. Dai, M. Wang, Y. F. Gu,
et al., Distinctions in source regions and formation
mechanisms of secondary aerosol in Beijing from summer
to winter, Atmos. Chem. Phys., 2019, 19(15), 10319–10334.

19 M. Kulmala, L. Dada, K. R. Daellenbach, C. Yan,
D. Stolzenburg, J. Kontkanen, et al., Is reducing new
particle formation a plausible solution to mitigate
particulate air pollution in Beijing and other Chinese
megacities?, Faraday Discuss., 2021, 226, 334–347.

20 L. Yao, O. Garmash, F. Bianchi, J. Zheng, C. Yan,
J. Kontkanen, et al., Atmospheric new particle formation
from sulfuric acid and amines in a Chinese megacity,
Science, 2018, 361(6399), 278–281.

21 C. Deng, R. Cai, C. Yan, J. Zheng and J. Jiang, Formation and
growth of sub-3 nm particles in megacities: impacts of
background aerosols, Faraday Discuss., 2021, 226, 348–363.

22 M. Wang, W. Kong, R. Marten, X.-C. He, D. Chen, J. Pfeifer,
et al., Rapid growth of new atmospheric particles by nitric
acid and ammonia condensation, Nature, 2020, 581(7807),
184–189.

23 F. Yang, K. Kawamura, J. Chen, K. F. Ho, S. C. Lee, Y. Gao,
et al., Anthropogenic and biogenic organic compounds in
summertime ne aerosols (PM2.5) in Beijing, China,
Atmos. Environ., 2016, 124, 166–175.

24 B. A. Nault, D. S. Jo, B. C. McDonald, P. Campuzano-Jost,
D. A. Day, W. Hu, et al., Secondary organic aerosols from
anthropogenic volatile organic compounds contribute
substantially to air pollution mortality, Atmos. Chem. Phys.,
2021, 21(14), 11201–11224.

25 C. Yan, R. Yin, Y. Lu, L. Dada, D. Yang, Y. Fu, et al., The
Synergistic Role of Sulfuric Acid, Bases, and Oxidized
Organics Governing New-Particle Formation in Beijing,
Geophys. Res. Lett., 2021, 48(7), e2020GL091944.

26 R. J. Huang, Y. He, J. Duan, Y. J. Li, Q. Chen, Y. Zheng, et al.,
Contrasting sources and processes of particulate species in
haze days with low and high relative humidity in
wintertime Beijing, Atmos. Chem. Phys., 2020, 20(14), 9101–
9114.

27 P. Liu, C. Ye, C. Xue, C. Zhang, Y. Mu and X. Sun, Formation
mechanisms of atmospheric nitrate and sulfate during the
winter haze pollution periods in Beijing: gas-phase,
heterogeneous and aqueous-phase chemistry, Atmos. Chem.
Phys., 2020, 20(7), 4153–4165.

28 B. Wehner, W. Birmili, F. Ditas, Z. Wu, M. Hu, X. Liu, et al.,
Relationships between submicrometer particulate air
pollution and air mass history in Beijing, China, 2004–
2006, Atmos. Chem. Phys., 2008, 8(20), 6155–6168.

29 G. Zhang, Y. Gao, W. J. Cai, L. R. Leung, S. X. Wang, B. Zhao,
et al., Seesaw haze pollution in North China modulated by
the sub-seasonal variability of atmospheric circulation,
Atmos. Chem. Phys., 2019, 19(1), 565–576.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ea00089f


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

8/
20

26
 3

:4
8:

21
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
30 A. A. Baklanov, B. Grisogono, R. Bornstein, L. Mahrt,
S. S. Zilitinkevich, P. Taylor, et al., The nature, theory, and
modeling of atmospheric planetary boundary layers, Bull.
Am. Meteorol. Soc., 2011, 92(2), 123–128.

31 X. Huang, A. J. Ding, Z. L. Wang, K. Ding, J. Gao, F. H. Chai,
et al., Amplied transboundary transport of haze by aerosol-
boundary layer interaction in China, Nat. Geosci., 2020,
13(6), 428–434.

32 W. Jia and X. Zhang, The role of the planetary boundary layer
parameterization schemes on the meteorological and
aerosol pollution simulations: A review, Atmos. Res., 2020,
239, 104890.

33 J. Slater, J. Tonttila, G. McFiggans, P. Connolly,
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