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SCIENCE FOR SOCIETY Aerosols, which are fine particles suspended in the atmosphere, can have large im-
pacts on local weather and climate by increasing cloud condensation nuclei and altering how much solar en-
ergy is absorbed or reflected by the atmosphere. In cities, the complex sources of atmospheric pollutants,
combined with complicated urban atmosphere mixing properties, make it challenging to understand and pre-
dict urban aerosol particle formation and weather/climate implications. In this research, we observed new-
particle formation at different urban altitudes in Beijing, and found that new-particle formation—and their po-
tential for increasing cloud condensation nuclei—was higher at greater altitudes. The study offers valuable
insights for better predicting how urban aerosols contribute to climate change and informing mitigation stra-
tegies.

SUMMARY

New-particle formation (NPF) events are frequently observed in urban environments, yet their occurrence
and climate effects are still in question. We analyzed the physical and chemical processes during the new-
particle growth (NPG) at the ground and 260 m based on measurements on the 325-m tower in the mega-
city of Beijing, China. Our results provide evidence for stronger NPG aloft in city, mainly due to the higher
production of sulfuric acid aloft, and the downwards transport of newly formed particles from the upper
atmospheric boundary layer. The particle growth aloft is promoted by the higher relative humidity, facili-
tating gas-to-particle partitioning, especially of nitrate. Therefore, higher particle concentrations accompa-
nied by stronger hygroscopicity lead to >20% higher NPG-induced cloud condensation nuclei aloft,
demonstrating the importance of vertical differences in NPF for a better understanding of the climate effect
in urban areas.
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INTRODUCTION

New-particle formation (NPF) is one of the key processes deter-
mining the dynamics of atmospheric aerosols.' Identified by
high number concentrations of nucleation-mode particles, NPF
events have been identified as a five-step process: (1) the forma-
tion of low-volatile vapors, (2) clustering, (3) nucleation, (4) the
activation of clusters with a second group of vapors, and (5)
the subsequent growth process.” As a result of the competition
between condensable vapor sources and sinks, NPF depends
on boundary-layer dynamics and meteorological variables
such as the temperature (T) and relative humidity (RH).>~'° This
makes NPF a complex process varying among locations and
seasons.'''® These newly formed particles can grow to large
enough sizes where they can act as cloud condensation nuclei
(CCN) affecting cloud properties and the Earth’s radiative bal-
ance.'®'® In addition, the continuous growth of newly formed
particles in the atmosphere can contribute to haze formation in
urban areas.’®" The significant implications for global climate
and human health®® make understanding NPF important.

While NPF is identified as one of the most important sources of
atmospheric aerosols and CCN, a quantitative estimation of its
contribution has a considerable uncertainty.'”?*?* Current
models tend to underestimate the observed CCN concentrations
with the largest errors in urban areas mainly due to the effect of
urban NPF.?>2% Additionally, it remains challenging to accurately
associate CCN to their source, whether from NPF or primary
aerosol particles, especially in urban environments.’® One of
the possible solutions is to conduct real-time size-resolved mea-
surements above the roughness sublayer, where primary emis-
sions are relatively limited. In addition, NPF events observed at
the ground level might have started aloft,” 2 while it has not
been directly proved in urban environments.

In this study, we performed simultaneous measurements of
particle number size distributions (PNSDs) and chemical compo-
sitions at the ground and at 260 m (above the roughness sub-
layer; see details in experimental design and Note S1), in urban
Beijing. By comparing the new-particle growth (NPG) process
larger than 20 nm at the two heights, we provide the first obser-
vational evidence that NPG was enhanced above the roughness
sublayer in urban areas. The enhanced NPG aloft was found to
be associated with more readily available sulfuric acid (HoSO,),
or/and downdraft transport of newly formed particles from the
upper atmospheric boundary layer. We then analyzed the parti-
cle chemical processes during the NPG events at both heights.
The results highlighted the potential contribution of nitrate to
particle growth aloft. The enhanced NPG led to higher particle
number concentrations accompanied by stronger hygroscopic-
ity aloft, resulting in more particles that could be activated as
CCN above the urban roughness sublayer.

RESULTS AND DISCUSSION

Enhanced NPG at 260 m

During our observation, typical NPG events (described in
Methods) were observed on 40% of the days at both heights
(Figure S1; Table S1). In general, the average PNSDs between
9:00 and 18:00 on NPG days were similar at both heights, char-
acterized by bimodal size distributions peaking at ~35 and
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~110 nm, respectively (Figure 1A). The number concentrations
of particles smaller than 40 nm at 260 m were higher than those
at the ground (Ratiozeg m/grouna>1)- On the contrary, the average
PNSDs showed generally higher concentration at the ground
level during non-event days (Figure 1B), consistent with higher
local emissions near the urban surface.*°*? The diurnal patterns
of PNSD and the formation rate of 20-nm particles (Jog) at 260 m
and ground level during NPG days are illustrated in Figure 1C.
Typical PNSD evolutions of “banana” shapes were observed
at both heights after 10:00, while the burst of nucleation-mode
particles at 260 m could be detected at 9:00 with PNSD showing
an extra nucleation mode peaking under 20 nm (Figure S2). In
fact, the formation rate of 20-nm particles at 260 m (Joq 260m)
increased by a factor of 10 from 0.1 cm™ s™' at 6:30 to
1.0 cm 2 s at 11:30, whereas the increase of J,g at the ground
(J20 ground) started 2 h later and this increase was only a factor of
4,from0.2cm s 'at8:30t0 0.8 cm s~ at 11:30 (Figure 1C).
J2o 260m/J20 grouna Was generally higher than 1 during the
growth period. As a result, the ratio of particle number concen-
tration between two heights (Ratiozsp m/ground) Was larger than
1 during 9:00-17:00. These results suggested enhanced NPG
at 260 m.

Since Ratiosso m/grouna higher than 1 was more significant for
particles smaller than 40 nm during NPG events, we further
divided particles into three size ranges: D, = 20-40 nm, D, =
40-100 nm, and D, = 100-550 nm. The number and mass con-
centrations of particles in a given size range were denoted as
N, and M with D, ranges as subscripts. During NPG events,
Noo_s0 at 260 m increased from 990 cm~2 at 6:30 to 6,595 cm 2
at 12:30 (a factor of ~7), while it increased from 1,603 cm~2 at
8:30t0 6,106 cm 2 at 12:30 near the ground (a factor of ~4) (Fig-
ure 1D). No_100 Showed a similar diurnal evolution to Nyg_40,
which was characterized by two high peaks at the ground level
but only one peak at 260 m. Driven by particle growth, the noon
peak of No-100 at both heights was 1 h later than that of Ng_40.
The diurnal cycle of N1go_550 Was relatively stable at 260 m, while
it had a higher number concentration during night-time at the
ground level caused by the suppressed vertical mixing of local
emissions. Ratioseo m/grouna @lso showed a significant diurnal
variation. In detail, the Ratiozsp m/ground Of Nao-s0 and Nag_100
increased from ~0.6 to ~1.2 and from ~0.8 to ~1.1, respectively,
before noon. Such pronounced evolutions cannot be solely ex-
plained by the evolution of boundary-layer height and enhanced
vertical transport, since otherwise a similar behavior would be
observed on non-event days. However, on non-event days,
Nog_40 and Nyg_100, Showing two peaks associated with local
emissions, had much lower concentrations during the noon
peak at both heights (Figure S3). And the Ratiosen m/grouna Of
Nog_40 and Nyo_100 Was always lower than 0.8 before noon on
non-event days, which was consistent with the previous studies
showing that the primary particles aloft were generally lower than
that near ground during daytime in Beijing.***® In addition, based
on the Nested Air Quality Prediction Modeling System with an
Advanced Particle Microphysics (NAQPMS + APM, Note S2)
model, Nag_40 and Nyg_100 from primary emissions were lower
at 260 m than the ground level during daytime on the NPG-event
days (Figure S4). All these results suggested that there was a
stronger source of small-size particles at 260 m associated with
the growth of newly formed particles (i.e., NPG).
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We then analyzed each case in detail (Table S1). Time differ-
ences were generally observed between the start time of NPG
(tstart) @t 260 m and ground (Atstart), Suggesting that nucleation-
mode particles were always detected at 260 m first. This can
be explained either by an earlier NPF at 260 m and/or stronger
growth. In fact, particle growth rate (GR) during the whole NPG
period (GRy) was in most cases (60%) higher at 260 m compared
to ground level, varying from 2.3t0 9.5 nm h~" at 260 m and from
2.1t07.8nmh~" atthe ground. Similarly, J,o was always higher at
260 m during NPG events. The peak value of Jog (J20 max) at 260 m
was >20% higher than that at the ground in most cases (70%).
Although, given the instrument cutoff limitation, we cannot accu-
rately determine the start time of each NPF event, ourresults area
sufficient indication of the enhanced NPG at 260 m compared to
ground level. As a result, more particles larger than 20 nm from
NPG were expected at 260 m. Since Nog_4o during NPG days
was ~2 times higher than that during non-event days (Figures 1
and S3) at both heights, N»xg_49 on NPG days was suspected to
be dominated by newly formed particles. Thus, the ratio of
maximum Nog_4o (Nog_40 max) during growth periods between
two heights could be used to represent the enhancement
factor of NPG at 260 m (Figure S5A). Nog_40 max Vvaried from
5,655 to 16,059 cm~2 at the ground level, and from 6,502
to 21,165 cm~2 at 260 m. Correspondingly, Ratio.gg m/ground

Roles of meteorology and
chemistry
An important question is why NPG events were enhanced at 260
m. We found that T might play a minor role, while higher RH aloft
was the driving factor behind the enhanced particle growth (Fig-
ure 2). Lower T could promote the nucleation process,** and
hence a negative correlation was obtained between J>g and T
under similar O3 concentrations at both heights (Figure S6A). T
at 260 m was 24.7°C + 4.2°C (15.7°C-34.6°C) on average, which
was 2.4°C lower than the ground level value of 27.1°C + 4.4°C
(18.3°C-37.8°C) on NPG-event days (Figure S5). However, no
strong correlation between Jyg 260m/J20 grouna @nd temperature
differences was observed (Figure S6B), indicating that T was
not the driving factor behind the enhancement of J,q aloft. One
of the possible reasons could be that the temperature difference
was not large enough to play a significant role. Although high RH
was found to suppress the initial process of NPF in field cam-
paigns,®>*° as it is associated with the presence of clouds that
can limit the photochemical process,®” recent studies found
that high RH benefits particle growth by promoting the vapor
condensation and heterogeneous reactions.”>** Here, positive
correlations between GR,, and RH were observed at both
heights within certain T (20 < T < 30°C, r = 0.93) (Figure 2A).
NPG on 2 June is an exception, which had relatively low Jsg
and GRs at both heights coupled with the highest RH and lowest
T in these NPF days. Note that 2 June was a cloudy day, leading
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Figure 2. The role of RH in enhanced NPG

events aloft

(A) The dependence of GRs on RH colored by
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to a weak photochemical process indicated by the lowest O3
(Figure S5). Moreover, GRogom/GRgrouna COrrelates well with the
RH differences  (RHagom-RHground) ~under  certain T
(20 < T < 30°C, r = 0.92) (Figure 2B). Thus, higher RH at 260 m
could be responsible for the enhanced growth aloft.

We further found that enhanced NPG at 260 m could be asso-
ciated with more readily available H,SO, in most cases, which
has been proved to trigger the NPF events in urban Beijing, espe-
cially in the presence of stabilizing bases.*® SO, at 260 m was
generally higher than that at the ground, consistent with the
fact that the main source of SO in urban Beijing is regional trans-
port (Figure S5D). In addition, Oz was also higher at 260 m with
A260 m-ground Of O3 varying from ~6 to ~26 ppb, likely suggesting
stronger photochemical reactions at 260 m (Figure S5E).
Although condensation sink (CS) was slightly higher at 260 m
in some cases (Figure S5F), the calculated ratio of H,SO,4 proxy
between two heights (H,SO4 260 m/H2S04 ground) Was generally
higher than 1 (Figure 3A), suggesting higher concentrations of
H>SO,4 at 260 m than at the ground. Further, we found that the
larger differences of SO, between 260 m and ground agreed
well with the higher differences of Ng_49 when SO, is high
(SO2 > 2ppb, r = 0.96), indicating that more particles aloft were
driven by higher SO, concentrations under sulfur-rich conditions
(Figure 3B). Taking 18 June as an example, NPG occurred with
high concentrations of SO, (10 ppb at 260 m vs. 8 ppb at the
ground level), coupled with high CS values of ~0.05 s~ at
both heights (Figure 3E). Thus, it was easier at 260 m to reach
the point where CS can no longer suppress NPF. As a result, a
high concentration of nucleation-mode particles was first de-
tected at 260 m at 8:00 (Figure S7). During the NPG period on
June 18, Jyp at 260 m was 70% higher than that at the ground
level. Consistently, Ng_40 at both heights reached a high peak
around 11:00, which was 21,165 cm™3 at 260 m and 16,059
cm~2 at the ground level (Figure S8). Indeed, the size-resolved
ratios between the two heights also showed a high-value region
corresponding to NPG.

However, when SO, concentration at 260 m was low (sulfur-
poor conditions), Nog_40 at 260 m was at least 20% higher than
that at the ground (Figure 3B), suggesting the unknown mecha-
nisms behind the enhanced NPG aloft. Particularly, enhanced
NPG was still observed on 7 June, when the available H,SO,4
at 260 m was much lower caused by the extremely low SO, con-
centration (Figure 3A). On 7 June, a strong wind shear appeared
around 10:00, suggesting an unstable air mass (Figure 3C).
Clean air mass with low PMy and Nigp_s50 dominated from
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(260 m and ground) are denoted as subscripts.

RHZGO m'Rngound

11:00. As a result, CS decreased from ~0.04 to ~0.02 s at
both heights, and NPG events were observed at both heights.
In fact, an unexpected nucleation mode with a high number con-
centration of particles smaller than 30 nm was first detected at
260 m at 10:00 despite the relatively high concentration of pre-
existing particles, indicating that NPF was not interrupted by
the air mass change (Figure S7). Thus, the detected NPF could
not be from horizontal transport. At that time, SO, (~0.2 ppb)
was an order of magnitude lower than that at the ground (~1.5
ppb), suggesting much more available H,SO, at the ground
level, and hence cannot explain the enhanced nucleation pro-
cess at 260 m. In fact, Jog at 260 m started to increase before
9:00, leading J2o 260m/J20 ground tO increase significantly from
0.9 at 9:00 to 2.2 at 11:00. Strong downdraft was observed dur-
ing this period, suggesting the role of vertical transport (Fig-
ure 3C). These results suggest that the explanation could be
that the NPF process occurring above the urban boundary layer
was transported to the ground by the downdraft, and hence the
differences of particle formation rate between 260 m and ground
were not driven by the differences of H,SO,4 concentration be-
tween the two heights.

To further showcase that NPF at the ground was associated
with the downdraft, comparable NPG events occurred at both
260 m and the ground when the downdraft was strong enough.
The case was observed on 10 June (Figure 3D), on which strong
downdraft almost dominated the daytime period. As aresult, par-
ticles associated with NPF events were detected at the same time
at the two heights after 10:00. Consistently, J»g at the two heights
were also comparable. We also found that during the NPG pro-
cess, downdrafts can reduce differences between two heights
by transporting particles formed at higher altitudes to the surface.
When the downdraft was enhanced abruptly around 12:30 on 19
June, differences in the PNSDs between 260 m and ground level
disappeared (Figure S9). Moreover, particles associated with
NPG became less and then disappeared when the downdraft
changed to updraft after 14:00. In addition, we analyzed the tur-
bulence kinetic energy (TKE, calculated based on the longitudi-
nal, lateral, and vertical components of wind) and observed that
also some other NPF events can be interrupted by changes in
vertical convection (Figure S10). On 17 June, the outbreak of
nucleation-mode particles was observed after 10:00 a.m. at
both heights, indicating the initiation process of NPF. At that
time, a negative vertical wind speed was detected when the
height was higher than 80 m, suggesting the descending motions
within this layer. The TKE showed an overall increasing trend with
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Figure 3. The role of H,SO,4 and downdraft wind in enhanced NPG events aloft

) The ratios of H,SO,4 between 260 m and ground.

) The scatterplot of the differences in number concentration between two heights versus those in sulfur dioxide (SO,).

(A
B
(C) One case with clear downward transport.
(

D) One case with strong downward transport leading to the reduced differences of NPG events between two heights.

(E) One case with more H,SO,4 production aloft. Nag_40, particle number concentration in size range from 20 to 40 nm; VW, vertical wind (negative values represent
the downdraft); WD, horizontal wind direction; CS, condensation sink. O3 is the ozone concentrations. J,q is the formation rate of 20-nm particles. The observation
heights (260 m and ground) are denoted as subscripts. PNSDs at 260 m, at the ground, and their ratios between these two heights (Ratiozsom/ground) are

also shown.

height, and TKE in the upper layer was much higher than that in
the lower layer, resulting in the downward transport of the turbu-
lence energy. However, the NPF process was interrupted when a
strong updraft was observed at 14:00. Consistently, the TKE
above 80 m was monotonically decreasing, suggesting that the
turbulence energy was transported to the upper layer (Fig-
ure S10C). A similar case was observed on 12 June, during which
the number concentration of newly formed particles decreased
when a downdraft changed to an updraft after 16:00 (Figure S11).
Cases with nucleation-mode particles first detected and then dis-
appearing were also observed on 3 June at around 16:00, on 5
June at around 14:00, and on 15 June after 14:00 (Figure S12).
All these results suggest that at least some of the urban NPF
events in Beijing detected on the ground originated at higher alti-
tudes. It has been found in rural environments that NPF occurring
inthe upper layer could be transported to the boundary layer.?”+*°
The basis of this downdraft-induced NPF mechanism is that clus-
ters formed at lower temperatures can indeed survive while being
transported to warmer temperatures.34

During the subsequent particle growth, both H,SO, and
organic compounds were found to be important at the ground
when SO, concentration was high, while organic compounds
could play a dominant role under sulfur-poor conditions (Fig-
ures 3 and 4). At the ground, Mxg_10o Of sulfate (SO,4) and or-
ganics (Org) at the ground showed comparably high peaks
(~1.0 ng m~3) on 18 June, while M,g_1go Of Org at the ground
had a more pronounced high peak (~1.0 ng m~3) than SO,
(~0.2 ng m~3) on 7 June. Although we did not obtain the chem-
ical information of Aitken-mode particles at 260 m, the ratio of
mass between two heights can give some indications. When
the H,SO,4 concentration was higher at 260 m, we obtained a
slightly increasing of Ratiozso m/ground Of SO4. As an example, Ra-
110260 m/ground Of SOy increased from ~0.8 to ~1.1 on 18 June,
suggesting a higher contribution of SO, at 260 m associated
with higher H,SO4. Ratioseg m/grouna Of Org remained relatively
constant on 18 June, while Ratiosgg m/grouna Of nitrate (NOs)
increased from ~1.7 to ~2.2 corresponding to the NPG period.
However, on the sulfur-poor events, e.g., on 7 June, only
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Figure 4. Chemical compositions during the particle growth process

Hour of Day

Hour of Day

(A-C) The evolution of chemical compositions during the growth process on 7, 10, and 18 June, respectively. The dots are raw data, and lines are six-points

running average.

(D) The average diurnal variation of the ratios of nitrate between 260 m and ground on NPG-event days and non-event days.

(E and F) The mass fractions of chemical compositions and hygroscopicity parameter (k) at 260 m and ground on NPG-event days. The 25th and 75th percentiles
(bottom and top horizontal line) of k are shown. Chemical compositions include organics (Org), sulfate (SO,), nitrate (NO3), ammonium (NH,), chloride (Chl), and
black carbon (BC). M»g_100 is the mass concentration in the size range from 20 to 100 nm at the ground level. Ratiozeom/ground i the ratio of concentration between

260 m and ground.

Ratiosso m/grouna Of NO3 showed a more pronounced increasing
trend from ~1.0 to ~2.1. These results indicated that NO; might
play animportant role during the growth process at 260 m. More-
over, on 10 June, Mxg_100 Of NO3 at the ground increased from
~0.0 to ~0.2 ng m~2 corresponding to the NPG period, while
the Ratioseo m/grouna Kept relatively stable. This result also sup-
ported our conclusion that strong downdraft transported parti-
cles aloft to the ground, reducing differences in NPG between
the two heights. On average, mass concentrations of Org and
SO, were comparable between the two heights (Figure S13),
while mass concentrations of NO3 could be >70% higher at
260 m corresponding to the particle growth period (Figure 4D).
Although Ratiozso m/ground Of NOs higher than 1 was also
observed during non-event days, values were much lower. In
addition, NO3 was found to contribute more to particle mass at
260 m (17%-23%) than at the ground (9%-19%) during daytime
of the NPG days (Figure 4). Recent chamber study found that ni-
tric acid (HNO3z) and ammonia vapors can condense onto freshly
nanometer particles when the temperature below about +5°C,*°
and our observation results further highlighted the possible role
of NOgs in the particle growth process larger than 20 nm above
the urban roughness sublayer in summer. HNO3; was mainly pro-
duced by the reaction between NO, and OH during daytime,
while NO, was more abundant on the ground due to local traffic

6 One Earth 8, 101169, January 17, 2025

emissions in urban Beijing.*’ When gaseous precursors at the
ground were transported to 260 m, higher RH aloft facilitated
the gas-particle partitioning, which has been proved to be
responsible for higher NO5 at 260 m.*>*® This also explained
why enhanced GR highly correlated with higher RH aloft (Fig-
ure 2D). If the mixing process was suppressed, our former study
found that particles at the ground would grow continuously while
the particle size remained stable at 260 m, leading to a more se-
vere haze at the ground.?°

Impact on CCN formation

Overall, enhanced NPG at 260 m was observed in urban Bei-
jing. It could be explained by more available H,SO4 at 260 m
than at the ground level in most cases, while downdraft-trans-
ported NPF originating from the upper atmospheric boundary
layer might also play an important role. During the subsequent
growth, gaseous vapors, i.e., HNOg, at the ground were trans-
ported to higher altitudes, where higher RH facilitated the gas-
particle partitioning and hence promoted the growth. This
finding, providing novel information in understanding NPF in ur-
ban Beijing, could also raise an alarm for other urban areas in
that investigating NPF mechanisms without considering the in-
fluence of downdrafts has the possibility to produce misleading
conclusions.
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Figure 5. Impact of enhanced new-particle
growth events aloft on cloud condensation
nuclei

(A) The predicted CCN concentrations at 0.9%
supersaturation at 260 m and ground during NPG-
event and non-event days. Within each box, the
median (middle horizontal line), mean (solid tri-
angles), 25th and 75th percentiles (lower and up-
per box), and 10th and 90th perrcentiles (bottom

(%) N°3

260 m ground 0.2

SS (%)

Further, the enhanced NPG generated more condensation
nuclei (CN) at 260 m. During NPG periods, the total concentra-
tion of CN larger than 20 nm (CN,g) was 18,561 cm™2 at
260 m, which was 10% higher than the ground value of
16,828 cm ™2 (Figure S14). On the contrary, during the daytime
(8:00-16:00) of non-event days, CNy at 260 m was 13% lower
than that at the ground due to the higher local emissions near
the ground. To further understand its climate effect, the possible
impact of the enhanced NPG aloft on CCN formation was quan-
tified. We calculated CCN concentrations by combining the
PNSD and chemical composition measurements based on
k-Kohler theory (described in Methods and Note S8)** —a widely
used method in field observations when CCN are not directly
observed.”®**™*° |n general, aerosol particles can act as CCN
under a given supersaturation (SS) when their size is larger
than the corresponding critical size (D,it), which in turn depends
on the particle hygroscopicity (k) and T. The calculated « strongly
depends on the particle chemical compositions, being higher
when a particle contains more hygroscopicity species, such as
NH4NO3;. As a result of higher NO3z contribution aloft, k at
260 m was up to 16% higher than that at the ground during day-
time. The higher k at 260 m could contribute to a lower D,;;, and
hence particles are more easily activated as CCN under a certain
SS. For example, during NPG-event periods, CCN concentration
at SS = 0.9% (CCNgg) was 10,562 cm~2 at 260 m, which was
13% higher than that at the ground value of 9,358 cm~2 (Fig-
ure 5A). On the contrary, during the daytime of non-event
days, CCNg g was 10% lower at 260 m. In fact, the differences
in CCN between the two heights (ACCN) increased with the
increasing SS. During NPG-event days, the mean ACCN
increased from a few hundred to higher than 1,000 cm~3 when
SS increased from 0.1% to 0.9%, while it was completely oppo-
site during non-event days. We further investigated the enhance-
ments of CCN from enhanced NPG at 260 m (Eccyn, described in
Methods), and found that Eccy was generally larger than 20%
when SS was higher than 0.3% (Figure 5B), while Eccn was
~10% when SS was 0.1%. This is because a larger D was
required for particle to be activated as CCN under a lower SS,
while part of the NPG particles did not reach the D during
the selected time period. Previous in situ field observations
already illustrated that NPF plays an important role in CCN for-
mation, while this contribution varied between different environ-
ments.”**° Due to the higher particle GR associated with
anthropogenic emissions, NPF-initiated enhancements in CCN

and top horizontal line) are shown.

(B) The differences in CCN concentrations betw-
een two heights (ACCN = CCNzgo m = CCNground)
and the changes of CCN due to enhanced NPG at
260 m (Eccn). The 25th and 75th percentiles of
ACCN during NPG event (red) and non-event
(black) days are shown as shaded areas.

number concentrations may be higher in urban environments
than in remote sites.”® Our results further suggested that CCN
measurements based on in situ observation at the ground level
might not be sufficient and the contribution from NPF might be
underestimated in Beijing, and potentially in other urban areas
having similar conditions. Although predicted CCN concentra-
tions, using prescribed supersaturation, may lead to some un-
certainties due to variable supersaturations of ambient clouds,°
our analysis reduced this uncertainty by comparing the relative
differences between the two heights.

While we provide novel information on understanding urban
NPF and the further climate effects, several questions remain un-
explained owing to the absence of long-term, continuously ver-
tical observations within urban areas. On one hand, the instru-
ments used in this study tracked the growth of newly formed
particles instead of the initial nucleation process, making the
downdraft-induced NPF not fully understood yet. On the other
hand, there are some uncertainties in determining the actual
climate effects of the enhanced NPF aloft in city due to the lack-
ing CCN observations. Since Beijing represents a typical urban
environment, where high values of CS are able to suppress
NPF,>"2 our results may indicate similar processes in other ur-
ban areas. Although recent studies draw attention to the vertical
structure of NPF by comparing the modeled and measured re-
sults®® in urban or mountaintop sites,* there are still very limited
directly comprehensive vertical observations in the urban envi-
ronments. Therefore, our study is important not only to under-
standing the climatic effect of atmospheric aerosols but also to
demonstrating the urgent need for conducting comprehensive
and long-term vertical observations to understand the interac-
tions between urban NPF and boundary dynamics.

METHODS

Experimental design

The sampling site is located at the tower branch of the Institute of
Atmospheric Physics (IAP), Chinese Academy of Sciences
(39°58'N, 116°22'E), in Beijing, China.?®** A platform with
various instruments at 260 m was built based on the Beijing
325-m meteorological tower to measure the chemical and phys-
ical characteristics of aerosol particles above the roughness
sublayer (Figure S15; and Note S1), while another set of instru-
ments was deployed at the ground level. To measure the chem-
ical and physical characteristics of aerosol particles at different
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heights in urban areas, two scanning mobility particle sizers
(SMPS, TSI) systems equipped with the same long differential
mobility analyzer (DMA, TSI, 3081A) and condensation particle
counter (CPC, TSI, 3772), two seven-wavelength aethalometers
(AE33, Magee Scientific), a high-resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS, Aerodyne), and an aerosol
chemical speciation monitor (ACSM, Aerodyne) were deployed
from 1 to 25 June, 2017 at the ground level and 260 m, respec-
tively. To sample the dry atmospheric particles, diffusion dryers
were set up in front of these instruments. In order to remove par-
ticles larger than 2.5 um, PM, 5 cyclones were supplied in front of
these sampling lines. In addition, gaseous pollutants, including
CO, SO,, and O3, were also recorded at both heights. Meteoro-
logical variables (e.g., wind speed [WS], wind direction [WD], RH,
and temperature [T]) at 15 heights were also obtained from the
meteorological tower observation system. In addition, a Doppler
wind lidar (Windcube 200, Leosphere, Orsay, France) was de-
ployed at the ground to obtain the wind profiles from 80 to
3,000 m. Detailed information of the sampling site and the cali-
bration/operation of instruments is found in the Notes S3-S5)
and our previous studies.?%3%%*

Two different definitions of particle diameters were used,
including mobility diameter (D) measured by SMPS and vacuum
aerodynamic diameter (D, ) measured by AMS/ACSM. Assumed
to be spherical particles, the ratio of D, to Dy, is simplified to
chemically resolved particle density estimated to be 1.5 g
cm~2 during this study.®®

In order to evaluate the measurement uncertainties, a parallel
comparison of these two SMPSs was conducted before the
campaign. The two SMPSs were put side by side in the same
sampling room for 2 days. The ambient air was drawn into
the sampling room through a stainless-steel tube. Before sam-
pling into the two SMPSs using the same length of sampling
lines, aerosol particles were dried by diffusion silica gel dryers.
Although there were slight differences within instrument uncer-
tainties,”® the PNSDs measured by the two SMPSs were
almost the same during the comparison period. We then
used a correlation analysis to check whether the differences
between the two SMPSs were stable. As shown in Figure S16,
we used linear fitting for the number concentrations in each
size bin measured by the two SMPSs during the comparison
period. The correlation coefficients (r) were higher than 0.9 in
the size range from 20 to 400 nm, suggesting that the differ-
ences of these instruments are stable. In addition, the slopes
of these linear fittings were consistent with the size-resolved ra-
tios (Ratiozeo m/grouna) between the two SMPSs. Large differ-
ences with lower r were found for the measurements outside
this size range, especially for particles smaller than 20 nm,
due to the higher measurement uncertainty. Thus, we mainly
focused on the PNSD data larger than 20 nm to ensure the
data quality. Based on the correlation analysis, it is reasonable
to use the size-resolved Ratioseo m/grouna @s the correction co-
efficient to decrease the uncertainties when comparing the
measurements obtained by the two SMPSs:

If Dp < 30 nm:

SMPSZGOprocessed = SMPSZSD/RaﬁOZGD m/ground (Equaﬂon 1)

If Dy > 30 nm:
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SMP Sgroundprocessed = SMP ngund X Raﬁozeo m/ground
(Equation 2)

After processing, PNSDs were in good agreement for particles
larger than 20 nm, with the ratios between two SMPSs being
close to 1 (Figure S17). We also calculated number concentra-
tions in different size ranges, i.e., 20-40, 40-100, and 100-
550 nm, which were used in our study. As shown in Figure S18,
the timeseries of post-processed particle number concentra-
tions in these three size ranges showed a great agreement
(slope = 1, r? > 0.9) during the comparison. Specially, the value
of 2 for Nog_4o Was 0.95 and the slope was 1, suggesting that
the post-processed PNSD data were reliable for further analysis.
In addition, the geometric mean diameters resolved from the two
SMPSs matched well after post-processing (slope = 1.0, > = 0.9;
Figure S19), slightly better than before post-processing (slope =
1.1, r? = 0.8). Accordingly, the calculated GR was almost the
same (~5.76 nm h™") after post-processing.

Identification of NPG events

Typical NPG-event days were identified according to the
following criteria: (1) outbreak of new mode particles smaller
than 30 nm, and (2) continued growth of the geometric mean
diameter (GMD) of new-particle mode (more than 4 h). The
time when a typical banana shape appears was identified as
the start time (tstart) Of an NPG event. Further, CS (Note S6), par-
ticle GRs (Note S7), and formation rates of 20 nm particles (J2o;
Note S8) were calculated following the methods described in
Kulmala et al.”’

H>S0,4 proxy

Although we did not observe H,SO, directly, its proxy
(H2SO4proxy) can be estimated based on the solar radiation
(GlobRad), SO,, and CS measurements.”® Thus, the ratio of
H,SO, between the two heights (HSO4 260 m/H2SO04 ground)
can be written as

H>SO04 260 m _ kGlobRad560 mSO: 260 m/
H2SO4 ground CS260 m

kGlobR:. adgraunds O2 ground

Equati
CS o (Equation 3)

The difference in GlobRad between these two heights should
be negligible, and hence we obtain

HZSO4 260m SOZ 260 mCSground

= Equation 4
HZSO4 ground SO2 groundCSZGO m ( q )

Hygroscopicity parameter and CCN

A chemical-dependent hygroscopicity parameter (k) was used
following a simple mixing rule on the basis of chemical volume
fractions.®>® All particles larger than the critical dry diameter
(Derit) Will activate as CCN at a given supersaturation (SS). The
D.it can be numerically derived according to the k-K&hler theory.
Further, we predicted CCN concentration at the given SS by inte-
grating the particle number size distribution measured by SMPS
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from D,y to maximum diameter (Dax). The detailed method can
be found in Note S9.

The enhancements of CCN from enhanced NPG at 260 m is
defined as

ACCNNPG - ACCNnon—event
CCN260 m NPG

Ecen = (Equation 5)

where CCNago m npg is the CCN concentration at 260 m during
NPG periods and ACCNypg and ACCNyon-event are the differ-
ences in CCN concentrations between the two heights during
NPG period and non-event days, respectively.

ACCN = CCNago m — CCNgrouna (Equation 6)
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