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HIGHLIGHTS GRAPHICAL ABSTRACT

First simultaneous winter measure-
ments of particle number size distribu-
tions at ground level and city aloft in
urban Beijing.

Vertical differences of particle number
concentrations varied significantly as a
function of particle size.

Boundary layer dynamics, meteorology,
local and regional sources are major fac-
tors driving vertical changes.
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level and city aloft, and the vertical differences were relatively stable throughout the day. Our results point to-

Beijing wards a complex vertical evolution of PNSD due to the changes in boundary layer dynamics, meteorological con-
ditions, sources, and processes in megacities.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction understanding of vertical distributions of PNSDs in Beijing is far from

High concentration of atmospheric particles in populated urban
areas is one of the major environmental concerns because of its pro-
found influences on visibility and human health (Zhang et al., 2015).
The particle number size distribution (PNSD) is critical in determining
these effects. For example, the size-dependent light scattering of parti-
cles is the major factor for visibility impairment (Seinfeld and Pandis,
2016). Compared with the direct aerosol effects including scattering
and absorbing radiation, aerosol particles also exert influences on cli-
mate indirectly by influencing cloud properties, and particle diameter
is considered to be critical for cloud-nucleating ability (Dusek et al.,
2006). Moreover, evidence shows that the toxicity of aerosol particles
depends on particle size, and smaller particles (e.g., < 100 nm) are
more toxic than those in larger sizes (Seaton et al., 1995). Thus, exten-
sive studies have been performed to characterize PNSDs worldwide,
promoting a better understanding of PNSD in various environments in-
cluding their sources, chemistry and their impacts on human health and
climate (Kulmala et al., 2004).

PNSD has also been widely studied in China, including Beijing-
Tianjin-Hebei region (Gao et al., 2012; Shen et al., 2016; Zhou et al.,
2020), Yangtze River Delta (Peng et al., 2014; Wang et al., 2014), and
Pearl River Delta (Yue et al., 2013; Yue et al,, 2010) regions. As the cap-
ital of China and a rapidly developing megacity, Beijing faces severe
haze pollution problems and attracts extensive studies. However, the
relationship of PNSD and air pollution in Beijing is still controversial.
Previous studies showed a shift of PNSD to large sizes in polluted events,
and hence the growth of small particles may play an important role in
haze formation (Du et al., 2021; Guo et al., 2014; Kulmala et al., 2021;
Yue et al., 2009). Thus, investigating the dynamic evolution of PNSDs
will help interpret the formation mechanisms of haze pollutions in Bei-
jing.

PNSD varied largely in different seasons due to the influences of me-
teorological conditions, boundary layer evolution, and emission sources
in Beijing (Wu et al,, 2008). Temperature (T) dependent processes in at-
mosphere were found to mostly affect particles smaller than 100 nm
(Olivares et al., 2007). Comparatively, the number concentrations of
Aitken mode and accumulation mode particles decreased as the in-
crease of wind speed (WS), while that of nucleation mode particles in-
creased (Lang et al., 2013). This observation is related to new particle
formation (NPF) which is associated with the decrease in condensation
sink resulting from decreased Aitken and accumulation mode particles
(Kulmala et al., 2021; Zhou et al., 2020). In addition, particle number
concentrations were often found to be high when the relative humidity
(RH) was high in Beijing (Zhang et al., 2001), and RH also affected PNSD
substantially due to hygroscopic growth (S. Huang et al., 2010; Zhang
et al., 2001). Recently, positive matrix factorization (PMF) of PNSD
was used to investigate the sources of particles, and the results showed
that the number of small particles can be affected significantly by local
emissions, e.g., traffic and cooking emissions(Cai et al., 2020; Liu et al.,
2016; Liu et al., 2014; Wang et al., 2013). Therefore, measurements of
PNSD aloft in the city are needed to better understand the relative con-
tributions of regional transport and local emissions to aerosol particles.
For instance, Du et al. (2017) conducted the first simultaneous measure-
ments of size-resolved particle number concentrations at ground level
and 260 m in urban Beijing, and the results showed that local cooking
emissions contributed to small particles substantially at ground level
while the contributions were much smaller at 260 m. However, our

complete, especially in winter with frequent haze events.

In this study, we conducted simultaneous measurements of PNSDs
at 260 m and ground level on the Beijing 325 m meteorological tower
(BMT) in winter 2016 using two same scanning mobility particle sizers
(SMPS). The vertical differences of size-resolved particle number con-
centrations between ground level and city aloft are characterized, and
the causes for the vertical differences with e.g., boundary layer (BL)
and meteorological conditions are explored. Also, the sources of size-
resolved aerosol particles are analysed with positive matrix factoriza-
tion, and the contributions of local emissions and regional transport to
the vertical differences are demonstrated.

2. Experimental methods
2.1. Sampling site and instruments

The sampling site is located at the Tower Branch of Institute of Atmo-
spheric Physics, Chinese Academy of Sciences between the north third
and fourth ring roads in Beijing (Du et al., 2021). The PNSDs were mea-
sured using two scanning mobility particle sizers (SMPS) that are
equipped with long Differential Mobility Analyzer (DMA, TSI, 3081A)
and Condensation Particle Counter (CPC, models 3775 at ground level
and 3772 at 260 m, respectively). Aerosol particles in the size range of
14-685 nm at 260 m, and 11-552 nm at ground level were measured
simultaneously with different flow rates (0.3 Lmin~'vs. 1 L min™!).
In addition, an Aerodyne high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) and an aerosol chemical speciation moni-
tor (ACSM) were deployed to measure submicron aerosol (PM;) species
including organics (Org), sulfate (SO4), nitrate (NOs), ammonium
(NHy), chloride (Chl) at ground level and 260 m, respectively (Xu
et al.,, 2019), and two seven-wavelength Aethalometers (AE33, Magee
Scientific Corp.) were used to measure equivalent black carbon (BC)
(Xie et al., 2019). Besides, collocated measurements at the two heights
included CO, SO, and Os. Aerosol particles were dried to RH below
407% using silica gel diffusion dryers during the measurements. To en-
sure the stability of the sampling flow, we cleaned the orifice and the
sampling line regularly. A more detailed description of the operation
and maintenance of the instruments was described in Du et al. (2021).
The meteorological parameters including RH, T, WS, and wind direction
(WD) at 15 heights were measured on the BMT. As shown in Fig. S1, the
average temperature was 1.7 °Cat 260 m and 3.6 °C at ground level dur-
ing the entire period. Frequent temperature and RH inversions were ob-
served in this study, leading to significant differences in PM; mass
concentrations at the two heights (64.7 ug m—> at 260 m vs.
83.4 ug m~3 at ground level).

2.2. Data analysis

Before the campaign, the measurements of the two SMPSs were first
compared at ground site for two days to evaluate the uncertainties due
to the different instruments. As shown in Fig. S2, the PNSDs measured
by the two SMPSs agreed well while the ratio of PNSDs indicated
some differences, especially for particles smaller than 20 nm
(Ratio < 0.6). Further, the size-resolved correction coefficient calculated
as the ratio of average PNSD from the two SMPSs during the inter-
comparison period was applied to the two datasets obtained at two
heights (Fig. S3a).
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As shown in Fig. S3, the reconstructed PNSDs agreed excellently
between the two SMPSs including the number concentrations in three
different modes, e.g., particles in the size range of 100 to 550 nm
(N100,550), 30 to 100 nm (N307100) and 20 to 30 nm (Nzo,go).
Considering the large uncertainty of particles smaller than 20 nm, the
reconstructed PNSDs in the size range from 20 nm to 550 nm were
used in this study.

2.3. Source apportionment of size-resolved particle number concentrations

To investigate the potential particle sources, we performed positive
matrix factorization (PMF2.exe, v 4.2) (Paatero and Tapper, 1994;
Ulbrich et al., 2009) analysis. Using an equation-based approach accord-
ing to Ogulei et al. (2007), the measurement uncertainties (Unc) were
estimated by Eq. (1)

U[lCij :O'ij+C] ><X,‘j (1)
where C; is a constant value assumed to be 0.1; X;; is the measured
particle number concentration; and oj; is the estimated measurement
errors calculated using Eq. (2)
O = Cy x (XU +)Tj) (2)
where C, is a constant value assumed to be 0.01; )T, is the arithmetic
mean value for jth size bin. To compare sources at the two heights, the
size-resolved particle number concentration at the two heights were
combined together for PMF analysis. In total, six factors were chosen,
and the diagnostics of PMF results are presented in Fig. S4.
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Besides, PMF analysis were also performed to organic aerosol (OA)
measured by HR-ToF-AMS. Three primary OA (POA) from fossil fuel-
related OA (FFOA), cooking OA (COA) and biomass burning OA
(BBOA), and three secondary OA (SOA) namely, oxidized POA (OPOA),
oxygenated OA (OOA), and aqueous-phase OOA (aq-OOA), were re-
ported in Xu et al. (2019).

3. Results and discussion
3.1. Overview of PNSDs

Fig. 1 shows the average PNSDs at 260 m and ground level for the en-
tire study. The average number concentration at ground level in the size
range of 20-550 nm was 17,878 + 8376 cm™>, which was 76% higher
than that reported in autumn (10,134 4+ 4680 cm>) (Du et al,, 2017).
Although the average number concentration was 44% lower at 260 m
(10,065 + 5190 cm™3) compared to ground level, it was still 35% higher
than that observed in autumn (7473 =+ 4324 cm™>) (Du et al., 2017).
The bimodal mode fitting showed that the particles at 260 m were dom-
inated by the small mode (72%), while at ground level the contributions
of the two modes were comparable (52% vs. 48%). As demonstrated by
the frequency histogram in Fig. 1b, the probability of particle number
concentration exceeding 20,000 cm™—> was only 4% at 260 m while
40% at ground level, suggesting a more severe particle pollution at
ground level.

Further analyses showed that the ratios (Ratiozsp m/grouna) and
correlation coefficients (r3go m/ground) Of  particle number
concentrations between two heights depended strongly on particle
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Fig. 1. Characterizations of vertical differences of particle number size distributions. (a) Average particle number size distributions (solid line) and bimodal fitted particle number size
distributions (dashed line), and (b) frequency as a function of particle number concentration at 260 m and ground level, respectively. (c) shows the ratio (Ratioz6o m/grouna) and
correlation coefficient (rZgo m/ground) Of particle number concentrations at 260 m to those at ground level as a function of particle size. (d) Correlation coefficients (r30 m/ground)
between 260 m and ground level of each size bin. The white dots represent the best correlations.
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size (Figs. 1 and S5). Fig. 1c shows the Ratiosso m/ground calculated from
the average PNSDs in Fig. 1a and r3go myground Dased on the time series of
number concentration in each size bins. r3go m/ground CONtinued to
decrease and reached a minimum at D, = ~50 nm (r* = 0.18),
indicating the different sources at the two heights in this size range.
The Ratiozeo m/grouna and 360 m/ground Detween 50 m and 300 nm
increased monotonically with particle size, and reached peak values at
~300 nm (Ratiozeo myground = 0.75, T360 myground = 0.70). This result
suggested that the sources and concentrations of particles at the two
heights became more similar as the increase of particle size. For
particles larger than 300 nm, Ratio,sg m/ground and %60 m/ground Showed
a small drop, while they remained relatively high. One explanation is
that particles larger than 300 nm were relatively well mixed in a
regional scale, although there were additional sources near ground.

Fig. 1d shows the correlation of size-resolved particle numbers be-
tween 260 m and ground level. The high correlations (3o m/
eround > 0.4) are located in particles larger than 100 nm, suggesting
that these particles were more likely formed in a regional scale. The
correlations between particles larger than 100 nm at 260 m and
particles smaller than 100 nm at ground level were generally weak.
Specifically, particles around 40 nm at ground level and particles
around 50 nm at 260 m almost did not correlate with particles larger
than 100 nm. These results indicating that the different sources, e.g.
local emissions, contributed to particles smaller than 100 nm,
especially for particles around 40 nm at ground level. We also noticed
that particles in a nominal diameter at ground level correlated better
with those in slightly larger sizes at 260 m, suggesting that particles
could have grown to a larger size during vertical transport. Overall, we
have a hypothesis that the increase of Ratiozeo m/grounda and 360 m/
eround N Fig. 1c for particles smaller than 100 nm could be driven by
the enhanced vertical mixing of local primary particles and secondary
aerosols produced by local aging process, while regional transport
plays a more important role for particles larger than 100 nm.
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The temporal variations of PNSDs at 260 m and ground level from 21
November to 12 December are shown in Fig. 2. The vertical distribution
of PNSD can be divided into 4 different types: 1) The number concentra-
tion of small size particles aloft was ubiquitously higher than that near
ground (Ratiozgo m/ground > 1.2). This phenomenon mainly occurred in
the first 3 clean days from 21 to 23 November (PM; was 7.2 ug m > at
260 m and 10.7 ug m~> at ground level) under the conditions of
northerly air mass and high wind speed above 5 m s~'. Besides, the
much higher concentration of O; (31 ppb at 260 m vs. 21 ppb at
ground level) indicated a stronger photochemical processing at 260 m,
associated with stronger NPF and growth events. 2) The number con-
centration of each size bin aloft was comparable to that near ground.
This was mainly observed at noon caused by the enhanced mixing pro-
cess, e.g., the period from 10:00 to 14:00 on 28 November. At the same
time, the mass concentration of submicron aerosols was also compara-
ble (38.5 ug m—> at 260 m vs. 42.8 ug m > at ground level) as well as
concentrations of O3, SO,, and CO (Fig. S1). 3) The number concentra-
tion aloft was much lower than that near ground for small particles
but slightly higher or comparable for large size particles. This mainly oc-
curred at night on polluted days when the BL height was low but higher
than 260 m. For instance, during the period from 20:00 on 2 December
to 6:00 on 3 December, the average mass concentration was
128.4 ug m—> at 260 m and 134.8 ug m > at ground level because of
the comparable concentrations of large size particles (D, > 200 nm,
Ratioz60 m/ground 2 1). However, low BL height (305 m < BLH < 498 m)
resulted in the accumulation of local emissions so that the number con-
centration of small size particle was much higher near ground
(Dp < 200 nm, Ratioz6o m/grouna < 0.5). 4) The number concentration
aloft was much lower than that near ground (Ratiozeg m/grouna < 0.5).
In this case, higher wind speed at 260 m and strong temperature
inversions occurred frequently, and the boundary layer height was
generally below 260 m. Thus, air pollutants at 260 m were scavenged
quickly but remained high at ground level as observed on 4 December
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Fig. 2. Evolution of particle number size distributions at two heights. (a) and (b) show the time series of the particle number size distributions at 260 m and ground level, respectively.
(c) Ratios of size-resolved particle number concentration at 260 m to that at ground level (Ratioso m/ground)-
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(175 m < BLH < 254 m). Huge differences of mass concentration and
chemical composition between the two heights were also observed
(131.1 pg m~3 at 260 m vs. 321.4 pg m— at ground level).

3.2. Diurnal variations

The PNSD at ground level showed a pronounced diurnal variation
(Fig. 3), showing 3 high concentration regions. A banana shape occurred
after 17:00 with the geometric mean diameter (GMD) increased from
~40 nm to ~100 nm, indicating that the growth of locally emitted parti-
cles may also contribute to the accumulation mode particles under
urban environment. During the growth process, the mass concentra-
tions of all chemical species increased especially for organics (Fig. S6).
Due to the dilution of particles without an immediate anthropogenic
source, particle concentrations kept decreasing while the GMD
remained stable after midnight.

As shown in Fig. 3a, the diurnal cycle of PNSD at 260 m was similar to
that at ground level. However, there were significant differences indi-
cated by the diurnal evolution of Ratioz6p m/grouna and 260 m/ground-
Both Ratiop m/grouna and 6o m/ground fOT particles smaller than
100 nm showed pronounced diurnal patterns, which had extremely
low values at night time (Ratiozgg m/ground < 0.5, %60 m/ground < 0.2),
indicating that these particles were strongly affected by vertical
mixing processes associated with boundary layer dynamics.
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Comparatively, larger particles had relatively higher ratios and
correlation coefficients even at night time, especially for particles in
the size range of 300-400 nm (Ratiozsp m/ground > 0.7, 60 my
ground > 0.7), suggesting these particles were well mixed in a regional
scale. Ratioz6om/ground and 360 myground Were close to 1 in all size bins
especially between 12:00 and 16:00, suggesting similar PNSDs at
different heights owing to strong vertical mixing under enhanced
convective conditions. Ratiozgom/ground beyond 1 was observed for
particles smaller than 30 nm in the afternoon, suggesting a stronger
source at 260 m. One of the possible explanations was the stronger
NPF and growth at 260 m associated with stronger photochemical reac-
tion, lower condensation sinks but higher vapor concentration (Fig. S6).

The diurnal cycles of particle number concentration in different size
ranges at the two heights as well as their ratios and correlation coeffi-
cient are also illustrated in Fig. 3. The diurnal variation of N,g_3¢ at
ground level was characterized by a broad morning peak and a higher
night peak. These peaks were mainly driven by traffic emissions
(Section 3.4) and boundary layer height variation. However, the
diurnal pattern of N,g_30 at 260 m showed a broad high peak during
daytime. It increased with Ng_30 at ground level from 5:00 to 13:00
and Ratio,60 m/ground increased from ~0.30 to ~0.80. Since correlation
coefficients were constantly low during this time, the source aloft was
different from that near ground, and could be driven by NPF and growth
events. N3g_ij00 at both heights showed similar diurnal patterns,
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Fig. 3. Diurnal variations of particle number size distributions at two heights. Diurnal evolution of particle number size distribution (a) at 260 m, (c) at ground level, and (e) their ratios and
(g) correlation coefficient. Diurnal variation of particle number concentration in different size range (b) at 260 m, (d) at ground level, and (f) their ratios and (h) correlation coefficient.
White dots represent geometric mean diameter (GMD) in (a) and (c), and represent the best correlations in (g).
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characterized by two high peaks. Note that N3g_100 had a higher
increasing rate at 260 m (589 cm™> h™!) than that at ground level
(411 ecm™ h™') to reach the noon peak. Increasing correlation
coefficients and ratios indicated that vertical mixing of local cooking
emissions was enhanced associated with the rising BL height. On the
contrary, the night peak of N3g_190 Was much higher at ground level
(12,581 cm 3 at ground level vs. 6676 cm™> at 260 m), which was
mainly caused by the suppressed vertical transport. The diurnal
evolution of accumulation mode particles (N1go_s50) Was smoother at
both heights with slightly higher concentration at night. The ratios
and correlations of Nigg_s50 between two heights were relatively
stable at night time, indicating the dominant role of regional
transport. Ratiozso m/ground aNd 360 myground Of Nigo_ss0 Was higher
during daytime, suggesting the vertical mixing also played a role.

3.3. Effect of meteorological parameters on the vertical distribution of PNSD

Fig. 4a shows the differences of wind vectors between two heights
colored by Ratioz6p m/ground- The wind direction followed the wind at
260 m, and the difference between the two heights was more
significant when the dot was farther away from the origin. The total
particle number concentration was totally different between two
heights (Ratiozep m/ground < 0.2) when the wind at 260 m was from
north, especially northwest, and the magnitude of wind difference
was larger than 4 m s~ . When the magnitude of wind difference was
smaller than4 m s~ Ratio,s0/grouna Was generally high. Despite the
large magnitude of wind difference, considerable total number
concentrations contributed by abundant accumulation mode particles
were observed when the winds came from south, especially
southwest, coupled with relatively high Ratioseo/grouna driven by
regional transport (Fig. S7). The T differences (ATground-260 m) VErsus
RH differences (ARHground-260 m) between two heights colored by
Ratioz60 myground are illustrated in Fig. 4b. The smaller ATgound-260 Was
always coupled with higher ARHground-260 m, indicating the weaker
vertical mixing. Ratiozeo m/grouna lower than 0.2 was mostly observed
when ATground-260 Was below 0 due to the occurrence of temperature
inversion, which formed a stable atmosphere structure and
suppressed the vertical mixing. Thus, one possible explanation for the
large differences of particle numbers between 260 m and ground level
was that the particles at 260 m were scavenged quickly by the high-
speed wind from north, while the particles at ground level built up
due to stable atmospheric structure, especially for N3g_100 and N1go_ss0
(Fig. S7). It was also noted that N>g_39 showed a different behaviour in
the second wind quadrant, showing relative higher ratios and even
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higher than 1. This result suggested the source of N,q_3¢ particles aloft
was different with that near ground, likely to be stronger new particle
events. Our results illustrated that constant wind from north can
clean-up haze pollution, while a sudden north wind increase the prob-
ability of inversion, which may have increased air pollution at ground
level. The influences of temperature, RH on vertical differences of
PNSDs between the two heights are then illustrated in more detail.

3.3.1. Temperature (T) effects

Fig. 5 shows the variations of PNSD as a function of temperature dif-
ference between ground level and 260 m (ATground-260 m)- ATground-260
m < 0 indicates the presence of a temperature inversion. As the rising
temperature inversion, the boundary layer height decreased obviously
(Fig. S8), and the differences of PNSD between two heights were larger,
confirmed by the decreased Ratiozgo m/grouna and low 3o m/grounds
highlighting the vertical mixing effects on vertical differences.
Consistently, the number concentration was higher and particle size
was larger at ground level, indicating that the presence of temperature
inversion led to more severe haze at ground level. Ratioz6o m/ground for
particles smaller than 100 nm was below 0.2 when ATground-260 m Was
smaller than 1, due to the suppressed vertical mixing of local primary
emissions at ground level. While large particles showed relatively high
RatioZGO m/ground with low l'%60 m/ground within ATground—260 m range
from —3 to 1. The low Ratiozep m/grouna fOr large particles when
ATground-260 m Was below —3 was a result of cleaning process aloft
associated with the increased WS (Fig. S8). The ratios between two
heights were close to 1 and even larger for small size particles when
ATground-260 m > 3, which mainly occurred at noon time. One of the
possible explanations was the stronger NPF at 260 m. Another reason
was due to enhanced vertical mixing, which was supported by the
high correlations and ratios in the size range of 60 to 200 nm. In general,
Ratioze0 m/grouna fOr total number concentration was a quadratic
function of the differences of temperature (ATground-260 m) (Fig. S9). It
showed that RatiOzeo mygrouna iNcreased with the increasing of
ATground—260 m- When ATgl‘ound—ZGO m Was above 2 oc‘ RatiOZGO m/ground of
total number larger than 1 was observed, mainly associated with high
ratios of Nyg_30 (Fig. S9). This result supported the influence of NPF
events due to low temperature at 260 m as well as the enhanced vertical
transport due to large temperature difference.

Temperature inversion was frequently observed during our observa-
tion (Fig. S10), and 14 days with strong temperature inversions are
listed in Table S1. They were further classified into 3 types: 1) Radiation
inversion was mainly observed during clean periods. Because of tem-
perature inversion, the transported particles aloft were difficult to
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reach the ground, which led to slightly higher mass concentration at
260 m associated with higher number concentration in the size range
of 100-200 nm. Simultaneously, locally emitted particles at ground
level were difficult to dilute as indicated by the higher number concen-
tration for particles smaller than 100 nm at ground level, peaking at
~35 nm (Fig. S11a). 2) Frontal inversion associated with varying wind
direction at different heights, was mainly observed during haze events.
Frontal inversion was always formed along with a convergence zone
near the surface layer and a divergence zone at high altitude. When
the BL height was higher than 260 m, large particles showed similar dis-
tribution at both heights associated with the convergence of pollutants,
while small particles were more abundant near ground because of the
extremely unfavourable conditions for locally emitted pollutants to dif-
fuse, e.g. 3 December (Fig. S11b). When the boundary layer was lower
than 260 m, PNSD at 260 m were completely different in all size bins,
e.g. 30 November. 3) Foehn inversion was mainly observed during
haze clean-up period. Defined as warm, dry wind descending in the
lee of a mountain range, foehn wind was frequently observed at the
eastern foot of Taihang (Wang et al., 2012). In this study, the inversion
occurred when the warm and extremely dry (RH < 20%) air from the
northwest at a high speed heated the temperature at 260 m before sun-
rise, e.g., 7 December. In this case, particles at ground level showed high
concentration dominated by particles larger than 100 nm. However,
pollutants were cleaned up quickly at high altitude, which led to the ex-
tremely low number concentration at 260 m. Despite the vast difference
in number concentration, PNSDs at both heights showed similar bi-
modal size distribution profiles, peaking at ~30 nm and ~100 nm, re-
spectively (Fig. S11c).

3.3.2. Relative humidity (RH) effects

Fig. 6 shows the variations of PNSD as a function of RH at 260 m and
ground level. The data with ARHgound-260 m>13 Were excluded to better
characterize the RH effects on vertical distributions (Fig. S12). At ground
level (Fig. 6b), the influence of RH on particle number concentrations
depended on particle size. Small particles showed high concentrations
at low RH while large particles, showed high concentrations at high
RH. The geometric mean diameters were 37.2 nm and 140.7 nm at
10% and at 90%, respectively, suggesting that particles shifted towards
larger size at higher RH levels. The evolution of the total number con-
centration as a function of RH can be divided into three stages. 1) The

total number concentration increased at a considerable rate
(3856 cm3/10% RH) during the first stage (RH < 50%). Such a change
was mainly driven by the increase of N3g_100 (1351 cm™3/10% RH)
and Nygo_ss50 (2638 cm™3/10% RH), while the Nog_so stayed relatively
stable. As a result, the number fraction of Nigg_s50 increased from 13%
to 42% associated with the decreases in N,g_3 from 24% to 9%. During
this growth process, all chemical species increased in mass
concentrations, mostly organics and nitrate (Fig. S13). Organics
increased from 6.0 to 44.6 pg m—> although the mass fraction
decreased by 12%, while NOs increased from 0.8 to 19.8 pg m>, with
an increase of mass fraction by 8%. 2) During the second stage (RH =
50-70%), the total particle number concentration remained relatively
stable, while the particle mass showed a much stronger increasing
trend than that in stage 1. Consistently, accumulation mode particles
increased from 9153 to 11,688 cm™> associated with the decrease in
N,o_30 particles. This phenomenon was more pronounced at night,
indicating that high RH facilitated the growth of particle size because
of enhanced heterogeneous reaction. This is further supported by the in-
creased fraction of sulfate during this stage. 3) After that, the total num-
ber concentration and N;gg_550 increased as RH increased from 70% to
90%, mainly at night time.

Although a similar pattern was observed at 260 m, significant differ-
ences were also observed. 1) The total number concentration showed a
continuously increasing trend between 10% and 70%, mainly due to the
increases in N3p_100 and Nygo_ss0. The increasing rate was 2327 cm 3/
10% from 10% and 40%, which was lower than that at ground level.
Different from that at ground level, the increasing trend was more
pronounced during daytime, indicating the influences of NPF and pho-
tochemical reaction. The high correlation between two heights during
daytime (r3go myground > 0.7) suggested that the effects of vertical
mixing were also important. Organics and nitrate seemed to play
important roles at 260 m as well. Between 40% and 70%, a lower
increasing rate of total number concentration was observed
(1023 cm—3/10% RH). The increased correlation between the two
heights indicated that it was mainly caused by the enhanced vertical
transport of ground particles, which led to the decrease in GMD.
2) Above 70%, the total number concentration began to decrease
while the particle mass remained relatively stable. Considering the
increase of GMD, coagulation growth was likely to be important because
of the increase in particle viscosity under high RH levels.
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The evolution of size-resolved ratios of number concentration be-
tween the two heights as a function of RH showed that smaller particles
had higher Ratioz60 m/grouna When the RH was low while Ratiozeo m/
eround Of large size particles remained relatively stable as the evolution
of RH, especially for particles around 300 nm. In general, Ratiozsgp m/
ground Of total number concentration and those in three modes showed
similar downward trends as the increasing of RH (RH < 90%). This sug-
gests that the higher RH led to a larger vertical difference between the
two heights. One possible reason was that heterogenous reactions
were more pronounced under relatively high RH levels (>50%) at
ground level because of the additional local source emissions. Another
reason was that higher RH was generally associated with stagnant me-
teorological conditions when the vertical mixing was weak.

3.4. Source apportionment

PMF analysis of PNSD resolved six factors in winter in Beijing. Corre-
sponding to NPF and growth events in Fig. 1, the time series of number
concentration of factor 1 in Fig. 7c was characterized by sharp peaks on
clean days. Since the nucleation mode particles were smaller than
20 nm (Kulmala et al., 2004), the size distribution of factor 1 showed in-
complete patterns at both heights, seeming to peak under 20 nm. Sim-
ilar PNSD was attributed to nucleation mode particles from the
dilution of vehicle exhaust emission (Liu et al., 2014). Casati et al.
(2007) found that the emission rate of nucleation mode particles
peaking under 20 nm during the dilution of vehicle exhaust is higher
at low temperatures. Thus, factor 1 at ground level was reported as a
complex factor, which was dominated by the dilution of vehicle exhaust
emission as well as the influence of NPF events during daytime in clean
days. This speculation was consistent with the diurnal evolution at
ground level, which showed three high peaks associated with traffic
emission and NPF events (Fig. 8). Comparatively, the time series of fac-
tor 1 at 260 m was more pronounced, and the diurnal pattern at 260 m
showed a rapid increase from 87 cm™ at 6:00 to 612 cm™> at 14:00,
suggesting the dominant source of NPF rather than traffic emissions.

Consistently, Ratiozep m/grouna increased from 0.5 to 2.0, due to
stronger NPF events associated with higher SO, and O3 concentration
but relatively lower condensation sink.

With relatively high correlation with factor 1 (r*> = 0.65 at 260 m vs.
12 = 0.59 at ground level), the temporal variations of factor 2 were likely
to echo high peaks in factor 1 at both heights. The profile of factor 2
peaked at around 30 nm, dominated by ultrafine particles in the size
range from 20 to 50 nm. This profile at ground level was similar to the
traffic emission found in previous studies (Gu et al.,, 2011; Kim et al.,
2004; Ogulei et al., 2007; Sowlat et al., 2016; Zhou, 2005). The diurnal
evolution of number concentration and fraction of factor 2 at ground
level showed two pronounced peaks, i.e. in the early morning (8:00)
and evening (19:00) associated with traffic rush hours. Therefore, factor
2 at ground level was a mixed factor with the contributions from both
traffic emissions and particle growth, yet they cannot be separated
due to similar PNSD. Although it showed comparable proportion at
both heights, factor 2 had lower concentration aloft (1359 cm™>) than
that near ground (2595 cm™>). Similar to factor 1 at 260 m, the particle
number concentrations of factor 2 at 260 m started to increase from
435 cm > at 6:00, and then remained relatively high concentrations
until reaching 2253 cm™> at 19:00. Correspondingly, the number frac-
tion of factor 2 at 260 m increased to 20% at 19:00. The high correlations
(360 m/ground > 0.8) in the late afternoon suggested that vertical
transport from ground level also contribute to factor 2 at 260 m.
However, the overall correlation of factor 2 between two heights was
relatively low (0.31), indicating that the sources were not the same.
This result supported that factor 2 at 260 m mainly represented the
growth of newly formed particles while that near ground was more
contributed by traffic emissions.

Factor 3 was dominated by the Aitken mode particles peaking at
around 50 nm, which was in agreement with PNSDs for cooking activi-
ties (Buonanno et al., 2011; Géhin et al., 2008). Consistently, the time se-
ries of factor 3 was only related to COA, although the correlation
coefficient was not high due to the lower detection efficiency of AMS
at small size particles (Fig. S14). Accounting for 26% (an average of
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Fig. 7. Particle sources identified by positive matrix factorization. (a) Factor profiles of size-resolved particle number concentration at 260 m and ground level via PMF analysis. (b) Average
contribution of 6 PMF factors at 260 m and ground level. (c) Time series of PMF factors at ground level and 260 m.

4657 cm™>), the number concentration of this factor at ground level had
sharp peaks almost every day and showed a pronounced diurnal pattern
with two peaks (12:00-13:00 vs. 19:00-20:00) associated with cooking
activities. The much higher peak (~7997 cm™2) in the evening could be
explained by the cooking emissions significantly enhanced at night time
and the shallow boundary layer in winter in Beijing. Such a diurnal pro-
file was consistent with the resolved cooking emissions reported by Du
et al. (2017), and also remarkably similar to that of cooking organic
aerosol which was widely reported in Beijing (Elser et al., 2016; X.F.
Huang et al., 2010; Sun et al., 2013; Xu et al,, 2015; Zhang et al., 2016;
Zhao et al., 2017). Hence, factor 3 at ground level was related to primary
cooking emissions. At 260 m, factor 3 had a similar fraction with that at
ground level, accounting for 25%. However, the average number con-
centration of factor 3 aloft was 2481 cm ™3, which was 47% lower than
that near ground (4657 cm™3). The time series of factor 3 at 260 m
tracked well with that at ground level, and the diurnal profile of factor
3 aloft was also similar to that near ground but much smoother. At
night time, the vertical transport of local emission from ground to
high altitude was suppressed by the increased atmospheric stability,
leading to larger differences (Ratiozsp mygrouna = 0.4) and low
correlation (r3go myground = 0.2). Thus, the night peak aloft was much
lower than that near ground. These results suggested that factor 3 at

260 m were mainly contributed by cooking emitted particles
transported from ground level.

Peaking at around 100 nm, factor 4 was mostly represented by par-
ticles in the size range of 50-200 nm at both heights. With an average of
5851 cm 3, this factor at ground level dominated total number concen-
tration (33%). The temporal variations showed high concentration
levels during haze pollution. Compared to the other 5 factors, factor 4
had the highest correlation with O3, and it was also found to be
associated with primary emissions, e.g. SO, CO, BC, and POA factors
(Fig. S14). These results suggested that this factor at ground level was
associated with aging process. The diurnal variation of factor 4 near
ground was similar to that of OPOA, which was characterized by high
concentrations during night and a small noon peak. The average con-
centration of factor 4 aloft was 2880 cm ™2, which was 52% lower than
that near ground. Contributing 29% on average to the total number con-
centration, the number fraction of this factor at 260 m varied between
21% and 37%. The time series of factor 4 tracked relatively well at two
heights (r> = 0.46), and the diurnal evolution at 260 m had the same
trend with that at ground level. The increasing rate during daytime at
260 m (310 cm™3 h™') was twice faster than that at ground level
(154 cm—> h™"), leading to an increase in Ratio,go m/ground ffom 0.4 to
0.6, likely indicating the enhanced aging process at 260 m due to
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factors.

stronger photochemical reaction aloft. However, low Ratioz60 m/ground at
night time with low 6o m/ground Was also observed, suggesting the
aging process was suppressed at 260 m because less gaseous
precursors were transported from ground due to more stable
boundary layer at night time.

Accounting for 23% aloft and 19% at ground level, the PNSD of factor
5 peaked at around 180 nm, similar to that from residential heating
Ogulei et al. (2007). The average number concentration of this factor
was 3483 cm 3 at ground level, which was 49% higher than that at
260 m (2337 cm~>). The temporal variations correlated well between
two heights (r? = 0.67), and also correlated well with species indicative
of combustion emissions, e.g. SO, (r? = 0.58 aloft vs. r* = 0.60 near
ground), CO (r? = 0.72 aloft vs. r? = 0.79 near ground), BC (r* = 0.69
aloft vs. 1> = 0.82 near ground), and BBOA (r?> = 0.74 near ground)
(Fig. S14). The diurnal cycle of number concentration was characterized
by high levels at night and low values during daytime, which was in
agreement with BBOA, and coal combustion organic aerosols resolved
in Beijing (Sun et al., 2013; Wang et al., 2015). The Ratioz6p m/ground
was relatively stable (0.6-0.8) throughout the day, and the 360 m/
ground Was also high except early morning, indicating that aerosol
particles in this factor were relatively well mixed in a regional scale.

Factor 6 was identified as a regional secondary aerosol. With a sim-
ilar contribution at both heights (6% at ground level vs. 7% at 260 m),
this factor was dominated by a particle mode at around 300 nm,
which was suggested as secondary aerosols over a regional scale in pre-
vious studies (Duetal., 2017; Guetal., 2011; Liu et al., 2016; Wang et al.,
2013). The temporal variations were highly correlated between two
heights (r> = 0.67), and also correlated with secondary inorganic aero-
sols including sulfate (1> = 0.77 aloft and r? = 0.83 near ground) and
nitrate (r?> = 0.84 aloft and r?> = 0.83 near ground), suggesting that
these particles are formed over a regional scale that had been relatively
well aged in the atmosphere (Fig. S14). Consistently, compared to other

10

factors, factor 6 at ground level showed the highest correlation with
SOA factors identified by PMF. The diurnal variation of number concen-
tration and fraction of this factor was much smoother and showed con-
sistently high concentration during nighttime at both heights, which
was consistent with previously reported regional aerosols (Liu et al.,
2016). In fact, the correlation coefficients between two heights were al-
ways larger than ~0.7, except for the small decrease in the early morning
associated with the different WS and WD at different heights (Fig. S6).

Overall, the PNSD at 260 m dominated by secondary aerosols (52%),
i.e, factors 1, 2, 4, and 6, was more representative over a regional scale,
while that at ground level was more influenced by primary emissions
(60%), i.e., factors 2, 3 and 5 especially traffic and cooking emissions.
Secondary aerosols that were formed from local production, i.e., factor
4, dominated the total number concentration at both heights (29%
aloft vs. 33% near ground), while the number concentration of second-
ary aerosols formed over a regional scale, i.e., factor 6, was comparably
low (7% aloft vs. 6% near ground). However, factor 6 accounted for
nearly half of the total volume concentration (46% aloft vs. 44% near
ground) highlighting that local emissions and regional transport con-
tributed significantly differently to the number and mass concentra-
tions (Fig. S15).

4. Conclusions

PNSDs were measured simultaneously at ground level and at 260 m
in urban Beijing from 21 November to 13 December 2016. Our study
shows significant differences in PNSDs between the two heights in win-
ter. The average number concentration near ground (17,878 cm™>) was
78% higher than that aloft (10,065 cm~3). The ratios of PNSD between
the two heights depended strongly on particle size and changed dra-
matically throughout the observation, resulting from the complex inter-
action between boundary layer dynamics, meteorological conditions,
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particle sources, and processes. Particles larger than 200 nm were
mainly formed over a regional scale and relatively well-mixed, and
thus had smaller differences (Ratiozeo m/grouna = 0.75 at 300 nm) with
tight correlations (r3go m/ground = 0.70 at 300 nm) between ground
level and urban aloft. Particles in the size range from 30 to 100 nm
were dominated by local emitted particles associated with traffic and
cooking activities, and thus showed a pronounced diurnal evolution of
Ratiozeo m/grouna With high values in the afternoon because of the
enhanced vertical mixing due to high BL height. Particles smaller than
30 nm were mainly attributed to new particle formation and growth
events at 260 m, while they were more affected by traffic emissions at
ground level, leading to higher Ratiozsp m/grouna than unit during
noontime. Meteorological conditions (e.g., winds, RH, and T) also played
important roles in driving the vertical differences in PNSD. The vertical
ratios decreased as the temperature difference of the two heights was
small and the atmospheric boundary layer was stable. Particularly, we
found that the arrival of northerly winds increased the probability of
temperature inversion and worsened air pollution at ground level dur-
ing early period although it cleaned up particles at high altitude first.
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