
npj | climate and atmospheric science Article
Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1038/s41612-024-00726-x

Enhanced formation of nitrogenous
organic aerosols and brown carbon after
aging in the planetary boundary layer
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Particulate organic nitrates (pON) significantly contribute to themass of organic aerosol and influence
the nitrogen oxides cycle in the atmosphere, but their evolution and lifetime remain uncertain. This
study performed simultaneous measurements on the anthropogenically affected surface site and the
mountain site on top of the polluted planetary boundary layer (PBL). After aging in the PBL, organic
nitrate was converted from primary sources (decreased from 8.7% to 4.3%) to secondary sources
(increased from 6.3% to 36.1%), spanning from the surface to the mountain. The evaporation of more
volatile inorganic nitrate and the production of secondary organic nitrate during aging in the PBL
contributed to the enhanced pON fraction over the top of PBL. The contribution of light absorption by
brown carbon increased by 57%at the top of PBL compared to the surface, consistent with the higher
fraction of nitrogenous organic aerosols over themountain. The results provide field evidence that the
nitrogenous organic aerosols (OA) may be preserved by adding into secondary OA and significantly
contribute to theenhanced importanceof browncarbonafter agingduring vertical transport in thePBL.

In recent years, anthropogenic activities such as the excessive application of
fertilizers1, fossil fuel combustion2, and industrial processes3 have disrupted
the natural nitrogen cycle, leading to increased levels of reactive nitrogen
species in the environment. Furthermore, nitrogen imbalances exacerbate
climate change-related impacts, including biodiversity shifts4 and altered
ecosystem functions5. Particulate organic nitrates (pON) form in the
atmosphere through the oxidation of volatile organic compounds (VOCs)
in the presence of nitrogen oxide family radicals and can contribute to the
formation of secondary organic aerosols6. pON has been shown to con-
tribute a substantialmass (5 - 77%) to organic aerosol (OA)7, and it can offer
a reservoir of nitrogen oxides (NOX) andmay be associatedwith ozone (O3)
production8–10. The filter analysis is widely used to quantify the molecular
compositions of pON using gas chromatography11 or Fourier transformed
infrared12. In online measurement techniques, the thermal dissociation
method is used to derive organic nitrates by dissociating the pON into NO2

and subtracting from the background NO2, characterized by laser-induced
fluorescence (LIF), cavity ring-down spectroscopy, or cavity-attenuated
phase shift spectroscopy13–15.

The high-resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS) can provide online characterization of fragments. The main
principle of the “NOx+ method” is that the NO2

+/NO+ ratio of pON is
different from that of inorganic nitrate16–18. The positivematrix factorization
(PMF) method was also used to quantify pON, referred to as “PMF
method”. The fragments of NOx+ are also added to the mass spectrum of
OA for the PMF analysis19–21. Given that AMS canmeasure not only nitrate
fragments but also other ON-associated fragments like CxHyOzN

+, these
fragments can be used as markers for pON. A thermodenuder was used to
measure supposed pON residuals above 90 °C, and nitrogenous fragments
were utilized to calculate the fraction of ON remaining at high
temperatures22.
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Themain pathway for the formation of secondary pON is through the
oxidation of gas precursors, which can be either biogenic (commonly iso-
prene) or anthropogenic (commonly alkanes), during daytime by hydroxyl
radicals (HO∙) followed by the addition of O2 and NO23–25 or during
nighttime by NO3 radical oxidation

26. A variety of primary emissions from
combustion can also contribute to considerable pON27,28. The primary OA
can undergo evolution, as indicated by both measurements29 and model
analysis30. Nitrogenous OA importantly contributes to light absorption as
brown carbon (BrC)31,32.

Most previous measurements were conducted at ground level, which
had continuous influences from ground sources. In this study, we present
simultaneous measurements of aerosol chemical composition and light
absorption of aerosol particles at both surface andmountain sites influenced
by the surface in Beijing, China. This offers an opportunity to study the
evolution of pON in the planetary boundary layer (PBL). Sources of pON,
determined using PMF analysis, were correlated with BrC light absorption
to identify the major contributor to short-wavelength light absorption.
More detailed chemical characteristics, such as pON mass concentration
and nitrogenous ion fragments, were used to investigate the properties of
BrC related to light absorption. By comparing the differences in sources of
nitrogenous organic aerosol between the two sites, we aim to investigate the
modification in light absorption during the upward transport in the PBL
and explore the correlations between the absorption coefficient of BrC
and pON.

Results and discussions
Mass concentrations and chemical composition at themountain
and surface
The real-time simultaneousmeasurements of aerosol particle composition at
both the surface and mountain sites influenced by it are depicted in Sup-
plementary Fig. 1. During the regional advection period, which originated
from westerly winds (Supplementary Fig. 2), a significantly higher con-
centration of aerosols was observed at themountain site due to the transport
of regional pollutants from the polluted high plateau. The data only during
the convectivemixingperiod is used for the analysis inorder to investigate the
evolution of aerosols during vertical transport from the surface to the top of
PBL, minimizing the influence of regional horizontal transport.

PM1 mass concentration at the mountain was 2.7 ± 1.9 µgm−3, which
is 4.3 times lower than the surface value of 14.3 ± 7.1 µgm−3. The average
bulk aerosol composition was substantially different at the two heights.
While organics dominated the total PM1 mass at both the mountain and
surface, accounting for 41% and 60%, respectively, the average mass con-
centration of organics at the mountain (1.5 µgm−3) was significantly lower
than that at the surface (11.5 µgm−3). The higher concentration and con-
tribution of organics observed at the surface were mainly attributed to the
correspondingly higher primary organic matter from local sources (as dis-
cussed in the following section). Sulfate and nitrate showed equivalent
contributions (11 vs 12%) to PM1 at the surface, while sulfate was sig-
nificantly higher than nitrate (28% vs 10%) in the mountain site.

The NO+/NO2
+ ratios (hereafter “RoR”) at the mountain were

remarkably higher than those at the surface (Supplementary Fig. 1), espe-
cially when the RH at the mountain is higher than that at the surface
(Supplementary Fig. 2). A possible explanation is that the gas–particle
partitioning of organic nitrate was facilitated at greater heights because of
the lower T and higher RH compared to ground. Supplementary Fig. 1d
shows the fraction (fNO3,org) of total non-refractory submicronnitrate that is
NO3,org vs. total nitrate mass loading (pNO3) estimated using two different
methods during the campaign. The fNO3,org calculated by the RoR method
has a weaker correlation with those of the PMF method at the mountain
(r = 0.74) and at the surface (r = 0.67). The differences between the two
methodsmaybe due to thePMFmethod’s incorrect assignment ofNO+ and
NO2

+ to primary OA (POA) factors (Fig. 1) and that organic ions would be
assigned to nitrate inorganic aerosol factor, consistent with previous
studies22. However, the RoRmethod only estimates the bulk organic nitrate,
and it is unable to separate primary and secondary sources further. Both

methodshave their advantages, so the results of bothmethodswill be used in
the following analysis, and the method used will be indicated.

Supplementary Figure 4 gives the statistical diurnal variations in
aerosol species during the convective mixing period. The BC concentration
on the mountain at midday to early afternoon almost matched that on the
ground, indicating a well-mixed layer because of the daytime convective
mixing (Supplementary Fig. 4b). The diurnal cycle of organics (Supple-
mentary Fig. 4f) was similar to that of POA (Supplementary Fig. 4g) at the
surface, with both factors showed two pronounced peaks. However, at the
mountain site, their diurnal variations were relatively smoother. The
potential explanation for the observed discrepancy lies in the elevated local
emissions during morning and evening hours, encompassing traffic,
cooking activities, and coal combustion. Additionally, the shallower
boundary layer leads to reduced vertical mixing. Previous studies have
indicated that POA contains a significant amount of semi-volatile materials
and exhibits relatively high volatility33. The secondary OA (SOA), less-
volatile organic aerosol, showed a clear diurnal pattern on the mountain,
with concentrations elevated in the early afternoon.On the ground level, the
diurnal variation in SOA concentration showed a minimum during the
daytime due to the dilution effect of developed PBL. This result suggests that
a significant portion of the SOA was mixed the mountain during the day-
time. The aforementioned results demonstrate that, during vertical trans-
port, particulate mass loss only occurs for semi-volatile substances (such as
POA) rather than low-volatile species (like BC and SOA).

Enhanced fraction of nitrogenous organic aerosols after aging in
the PBL
The mean differences of mass spectra for all OA fragments and specifically
for all nitrogenous fragments between surface andmountain sites are shown
in Fig. 1. The surface site showed a clearly enhanced contribution for almost
all hydrocarbon fragments than themountain (Fig. 1a). Themountainhad a
significantly higher fraction for the typical oxygen-containing fragment,
such asm/z 29 (mainly CHO+) and 44 (mainly CO2

+), but a lower fraction
of hydrocarbon fragments (CxH2x−1

+). The fresh OA emissions rich in
hydrocarbons had been considerably aged during a few hours of vertical
transport. This implies that the OA on the mountain is more aged and
oxygenated, and its oxidation may occur at unsaturated bonds (e.g.,
alkenes)34. Figure 1b shows the fraction of all species of nitrogenous frag-
ments that were enhanced on the mountain by 7%. This clearly demon-
strates the higher oxidation state and nitrogen content for the aerosols on
the mountain after vertical transport from surface sources.

The NO+ and NO2
+ signals detected by AMS can originate from the

fragmentation of both particulate organic nitrate (NO3,org) and inorganic
nitrates (NH4NO3), whereas the nitrogenous organic fragments, mainly
composed of CHN+ and CHON+, are exclusively derived from pON or
other nitrogenous organic compounds. Figure 1c, d shows the concentra-
tion of CHON+ correlated well with NO+ (r = 0.99) and NO2

+ (r = 0.99) at
the mountain, but this correlation was rather weak at the ground (r = 0.65
and r = 0.65, respectively). It provides strong evidence that NO+ and NO2

+

fragmentsweremore likely toexclusively result fromnitrogenousOAon the
mountain, whereas the surface NOx+ fragments were largely contaminated
by inorganic nitrate. This, in turn, implied that there was a more important
fraction of nitrogenous OA on the mountain than on the surface. The
reduced fraction of inorganic nitrate, which has been reduced, is consistent
with our previous study, which found that ammonium nitrate evaporated
during vertical transport due to its higher volatility35.

Further attribution between organic and inorganic nitrate using PMF
and RoR method showed enhanced NO3,org fraction within total nitrate
with deceased total nitrate concentration (Fig. 1e), with mountain having a
lower total pNO3 and higher NO3,org/pNO3 fraction. The fNO3,org shows an
inverse relationship with the pNO3, approaching 100% at low pNO3. The
contribution of NO3,org exceeded 40% when pNO3 was lower than
< 1 µgm−3. fNO3,org from the PMFmethod was lower than the RoRmethod
at higher pNO3 because of the larger contamination from inorganic nitrate
but showed high consistency when pNO3 was lower than 1 μgm−3

.
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Enhanced secondary particulate organic nitrate after aging in
the PBL
Themass spectra for thePMF-resolved factors for themountain and surface
sites are shown inFig. 2, and each factor is given a fractionofNO+ andNO2

+

fragments (fNOx). In order to mitigate the influence of NO+ and NO2
+

fragments and facilitate comparison with previous studies, the N: C calcu-
lation in the figure excludes NO+ and NO2

+ fragments. The five factors
identified for themountain site include twoprimary factors, twooxygenated
OA (OOA) factors, and a factor that is primarily inorganic nitrate
(NO3,inorg). Six factors are identified for the surface site. On both sites, the
NO3,inorg with the highest fNOx (about 60%), is mainly composed of inor-
ganic nitrate, which has theNO+/NO2

+ ratios (2.7 for the surface, 2.8 for the
mountain), close to the value (2.7) determined in pure ammonium nitrate.

The primary OA factors, hydrocarbon-like OA (HOA) and coal
combustion OA (CCOA), were identified for both sites. The HOA (O/
C = 0.17, fNOx = 1.2% for themountain and O/C = 0.14, fNOx = 9.7% for the
surface) were characterized by higher contributions of aliphatic hydro-
carbons, e.g., m/z 43 (C3H7

+), 55 (C4H7
+) and 57 (C4H9

+). Besides the
common hydrocarbons, the CCOA (O/C = 0.19, fNOx = 16.0% for the sur-
face and O/C = 0.25, fNOx = 1.3% for the mountain) also showed pro-
nounced signals of fragment atm/z = 115 (mainly C9H7

+), typically for the
fragments from polycyclic aromatic hydrocarbons (PAHs)36, which was
widely observed from heating activities in cold season in Beijing region37,38.
The CCOA showed a higher fNOx on the mountain than on the surface
because the same source had experienced an aging process after vertical
transport from the surface to the mountain. The surface site had a factor of

cooking OA with mark fragments of C3H3O
+ (m/z 55; r = 0.84) and

C6H10O
+ (m/z 98; r = 0.94), but not for the mountain site, due to the more

localized feature of cooking emissions. Note that the COA factor is almost
completely organic with low fNOx (0.6%, Fig. 2). The low fraction of NO3,org

in COA indicates that the cooking processmay not be an essential source of
organic nitrate. Previous studies have also found that fNOx in COA was low
when PMF analysis was performed on the combined organic and inorganic
mass spectra19,22,39.

Secondary oxygenated OA with two levels of oxidation states, the
semi-volatile OA (SV-OOA) and lower-volatile OA (LV-OOA), were
identified. The LV-OOA had a higher dominant peak ofm/z 44 (mainly
CO2

+) and a highest O/C ratio (O/C = 0.76, fNOx = 3.5% for the moun-
tain and O/C = 0.64, fNOx = 0.4% for the surface); while SV-OOA had a
lower O/C (O/C = 0.48, fNOx = 8.2% for the mountain and O/C = 0.44,
fNOx = 5.3% for the surface) with higher peaks atm/z 29 (mainly CHO+)
and 43 (mainly C2H3O

+).
The NO+ and NO2

+ had contrasting fractions in the mass spectra
(fNOx) between POA and SOA. On the surface, HOA and CCOA had the
highest fNOx at 9.7% and 16.0% respectively. This suggests the fossil fuel and
coal combustion sources were rich in organic nitrate compounds. Previous
studies observed high nitrogen content in OA from coal combustion40,41.
Notably, the fNOx fraction for POA dramatically dropped on the mountain
by about 8.5% and 14.7% forHOAandCCOA, respectively. This is contrast
for NO3,org in SOA, which is from surface to mountain, fNOx in SV-OOA
increased from5.3% to 8.2% and increased from0.4% to 3.5% for LV-OOA.
ThedecreasedNO3,org fraction inPOAbut increased fraction in SOAclearly

Fig. 1 |Organic aerosol variations andnitrogen-containing ions atmountain and
surface sites, with correlations between CHON+ and NO+/NO2

+. Difference in
OAmass spectra between the mountain and surface sites (mountain minus surface)
for (a) OA, and (b) all nitrogen-containing fragment ions. Scatterplot of (c) CHON+

versus NO+, and (d) CHON+ versus NO2
+. e Fraction of total non-refractory

submicron nitrate that is organic (NO3,org/pNO3) versus total nitrate concentration
(pNO3) for mountain and surface site calculated using RoR method and PMF
method. The Mountain and surface site using the RoR method are representes by
MountainRoR and SurfaceRoR. TheMountain and surface site using the PMFmethod
are representes by MountainPMF and SurfacePMF.
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indicated a conversion of NO3,org from POA to SOA during aging in the
PBL. The reduced fraction of NO3,org in POA, contrasted with its increased
fraction in SOA, clearly indicates that at the surface site, organic nitrate is
predominantly associated with POA. However, during transport to the
mountain, it is predominantly found within SOA.

Figure 3 shows the histograms for each fraction of source-attributed
nitrate during the convective mixing period. The inorganic nitrate domi-
nated the total nitrate at the mountain and surface sites, accounting for
60 ± 25% and 89 ± 15%, respectively (Fig. 3a, b). The lower concentration
and contribution of NH4NO3 observed at the mountain were primarily
caused by the correspondingly higher volatility of inorganic nitrates during
vertical transport. For the nitrate in organic aerosol, the surface and
mountain sites showed contrasting source attributions. Supplementary Fig.
2 showed clearly enhanced NO3,org in SOA on the mountain than the

surface, with themost pronounced shift for theNO3,org in semi-volatile OA.
The average contributions of NO3,org in HOA and CCOA at the surface
(3.7 ± 5.0% and 3.7 ± 4.3%) were both higher than that at the mountain
(1.6 ± 1.9% and 2.7 ± 3.0%) to the total nitrate. However, the contributions
of NO3,org in SV-OOA and LV-OOA showed larger total nitrate at the
mountain (19.8 ± 13.4% and 16.4 ± 18.9%), which are both higher than
those at the surface (5.3 ± 7.2% and 1.0 ± 2.4%).

The narrow and right-shifted frequency distributions of inorganic
nitrate reflect the typical trend that NH4NO3 tends to constitute higher
fractions when the total pNO3 is higher (Fig. 3c, d). The histogram analysis
for NO3,org in SV-OOA presents a distinct peak frequency at nitrate mass
fraction of ~ 30% at the mountain (Fig. 3c). NO3,org in LV-OOA showed
higher and broad distribution on the mountain than the surface. The peaks
at ~ 3-4% of NO3,org in CCOA and HOA were obtained at the surface site

Fig. 2 |Mass spectra of organic factors derived from the data of themountain and
surface site. Five factors were resolved from the mountain OA, including
hydrocarbon-like OA (HOA), coal combustion OA (CCOA), semi-volatile oxyge-
nated OA (SV-OOA), low volatility oxygenated OA (LV-OOA), and primarily
inorganic nitrate (NO3,inorg). Six factors were identified from the surface OA, i.e.,

HOA, cooking OA (COA), CCOA, SV-OOA, LV-OOA, NO3,inorg. The mean con-
tribution of NO+ plus NO2

+ (fNOx) is indicated for each factor. In order to mitigate
the influence of NO+ and NO2

+ fragments and facilitate comparison with previous
studies, the N: C calculation in the figure excludes NO+ and NO2

+ fragments.
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(Fig. 3d), which are significantly higher than the results at the mountain
(~2% and ~3% for CCOA and HOA, respectively), whereas the nitrate
fraction peaks were observed to be much lower for SV-OOA (~4–6%) and
LV-OOA (<1%) at the surface.

At themountain, theNO3,orgwas tightly correlatedwith SOA(r = 0.92)
butweakly correlatedwithPOA formost of the time (r = 0.79). These results
indicate that NO3,org on the mountain was dominantly from secondary
formation, consistent with the dominant contributions of SOA (69 ± 18%)
toOA. The organic nitrate associatedwith SOA at themountain exhibited a
higher contribution to total nitrate compared to that at the surface. How-
ever, a higher concentration and contribution of NO3,org associated with
POA were observed at the surface, indicating that the NO3,org at the
mountainwasmainly from secondary organic nitrate, while the surface was
mainly primary organic nitrate. Here, by concurrently measuring close to
the surface emission and over the top of the PBL influenced by the same
surface emission, we clearly showed a conversion of NO3,org from POA
to SOA.

Enhanced light absorption of brown carbon after vertical trans-
port in the PBL
At the mountain, the diurnal profiles of primary sources and OA fac-
tors exhibited a consistent gradual increase from noon until late
afternoon (Supplementary Figs. 4 and 5). This increase was due to the
development of the PBL (Supplementary Fig. 4a) when the surface
pollutants were transported upwards through convective mixing. The
more pronounced diurnal peak of SV-OOA than other POA indicated
the possible additional production of OAmass through photochemical
processes, particularly during the upward transport. The surface
showed considerably enhanced concentrations for all pollutions
(Supplementary Fig. 6) due to the shallow PBL at night, though with
different patterns for certain aerosol types.

The fraction of NO3,org in total nitrate was approximately 0.33, with
low diurnal variation observed on the surface (Fig. 4a). The mountain
showed a higher NO3,org fraction (59 ± 24%) than that at the surface
(33 ± 15%) throughout the day. A decrease of NO3,org fraction on the
mountain showed in the afternoon,which correspondedwith the increaseof
inorganic nitrate when influenced mainly by the convective mixing of
surface sources. Following the intrusion of surface pollutants, the elevated
pON fraction implied a more likely rapid formation of pON compared to
inorganic nitrate during the aging and dilution processes on the mountain.
The even higher NO3,org fraction indicated the transported nitrates may
undergo further aging and become incorporated into OA.

At the surface site, NO3,org in both POA and SOA typically showed
diurnal patterns for urban environments following the development of PBL,
which was diluted by the daytime-developed PBL but accumulated when
shallow PBL. The mountain however showed contrasting diurnal patterns
with no apparent diurnal variation for pON in POA, but pON in SOA
showed substantially elevated concentration in the afternoon at the
mountain (Fig. 4c), coincident with the peak of O3 (Supplementary Fig. 4).
This suggested that the enhancement of secondary pON on the mountain
may be caused by photochemical production. This process tended to occur
within a few hours from surface emission, and within this time, pON in
primary emissions was converted into a secondary state. The reduced
fraction of primary pON could be partly attributed to the photolysis of the
primary pON42. The degradation ofOAwas evidencedby a reduced fraction
of largemolecularOA, on themountain, theOAmass spectrawith largem/z
were significantly reduced compared to the surface (Fig. 1a). Photooxidation
may have occurred in the gas phase and formed pON through the HO∙
oxidation of aromatics and NO2 pathway

43. The production of NO3,org via
photooxidationmay also be evidenced by the enhancement of N/C ratio on
the surface (Fig. 4d). Figure 4d shows that the surface exhibited an elevated
N/C ratio, possibly due to photochemical processes occurring in the early

Fig. 3 | Histograms of PMF factors, inorganic nitrate, and organic nitrate in each
factor with nitratemass fraction for the surface andmountain site. a, bThe circles
and triangles indicate the median and mean values, the upper and lower boundaries

indicate the 75th and 25th percentiles. c, d The distribution of inorganic nitrate and
organic nitrate (presented as a normalized histogram) in each factor.
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afternoon, as also observed by previous studies19,40. Themountain site had a
higher N/C at 0.017 ± 0.001 with minor variations throughout the day. The
slight increases in N/C likely indicated an aging process since the midday
injection of fresher surface sources.

Figure 4e shows that the absorption Ångström exponent (AAE) at the
surface is lowest around 7:00 am, which may be caused by the fresher
sources containing a higher fraction of BC during the morning rush hour.
Importantly, it showed remarkably enhanced the AAE at the mountain
(1.81 ± 0.04) than that at the surface (1.46 ± 0.03), corresponding with a
high BrC contribution from 23.3 ± 1% to 36.7 ± 1% (Fig. 4e). The higher
BrCcontributionon themountain throughout thedayhadnotbeenaffected
by fresher sources from surface. These results indicated that the enhanced
BrC contribution could occur within a few hours of upward transport in
the PBL.

Figure 5 summarizes the factors that may account for the
enhanced BrC contribution. During the convective mixing period,
from the surface to the mountain, the nitrate fraction in total nitrate
increased from 0.33 ± 0.12 to 0.51 ± 0.25, with O/C andN/C increasing
from 0.41 ± 0.09 to 0.61 ± 0.06, and from 0.02 ± 0.004 to 0.03 ± 0.002,
respectively. The nitrogenousOA-related fragments, specifically fCHN

+

and fCHON
+, increased from 0.41 ± 0.09 to 0.61 ± 0.06 and from

0.02 ± 0.004 to 0.03 ± 0.002, respectively. These all indicate the more
important contribution of nitrogenous OA to total OA over the top of
PBL after aging in the PBL. Both O/C and N/C ratios increased by 0.5
and 0.5, respectively (Fig. 5 and Supplementary Fig. 9), implying that
the aging of OAmay involve the chemical reactions adding oxygen and
nitrogen. As indicated in Supplementary Fig. 9, N/C increased almost
linearly as O/C increased, suggesting the formation of more nitro-
genous compounds during the aging of OA from the surface to the
mountain. The organic nitrate and other nitrogenous OA will be
produced in a secondary state after transport in the PBL. These

secondary formations of pON may involve the production of nitro-
aromatics by adding NO2 to anthropogenic aromatics44, or organic
nitrate formation by the NO3 oxidation of VOCs20,45 or HO∙ initiated
gas-phase reactions with NOX

43, all of which will simultaneously
increase the N/C and O/C after aging. AAE increased by 24.0 ± 3.9%,
corresponding with an increased BrC fraction of 57.3 ± 1.3% from
surface to mountain. The continuous injection of pollutants from the
surface emissions during the daytime convective mixing period, and
further aging at night in the residue layer46 will maintain the con-
sistently high nitrogenous OA content and the corresponding AAE.
Supplementary Figure 11 shows that there is a close relationship
between brown carbon absorption and nitrogenous OA, and the
mountain site had a higher pON fraction andAAE than the surface site.
This means the brown carbon may persist after aging, extending its
lifetime and radiative and health impacts.

Here by concurrent measurement close to the surface emission and
over the top of PBL influenced by the same surface emission in regional
scale, we found a higher fraction of organic nitrate and other nitrogenous
organic aerosols (OA) on the mountain than on the surface. A conver-
sion of particulate organic nitrate from being dominant from primary to
secondary OA when pollutants were transported upwards in the
boundary layer. The light absorption of aerosols at shorter wavelength
was found to be more pronounced at higher altitudes, indicating a
greater presence of atmospheric brown carbon in the upper boundary
layer compared to the surface. This observation aligns with the elevated
nitrogenous organic compounds detected in themountain region. These
findings imply that the enhanced presence of nitrate contained in
organic aerosols, particularly in remote places after aging. Along with
the other nitrogenous OA, these aerosols may have a longer lifetime,
extending their impacts on nitrogen cycle and radiative impacts in the
atmosphere.

Fig. 4 | Diurnal profiles of various species at the mountain and surface sites.
Diurnal profiles of (a) the fraction organic nitrate in total particulate nitrate
(NO3,org/pNO3), mass concentrations of particulate organic nitrates in primary OA
(b) and secondary OA (c), (d) nitrogen-to-carbon ratio (N:C), (e) absorbing Ång-
ström exponent (AAE, right axis) and fraction of brown carbon (BrC) absorption in

total absorption (absBrC) at λ = 370 nm (left axis). The green bar represents the time
of the day (11:00–14:00) with the most developed PBL. The lines and circles
represent themedian andmean values, with the shaded upper and lower boundaries
indicating the 75th and 25th percentiles, respectively.
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Methodology
Sampling site
We conducted field measurements at the surface site (Institute of
Atmospheric Physics, Chinese Academy of Science; 39.97° N,
116.37° E; 50 m above sea level, a.s.l.) and the mountain site (Haituo
Mountain; 40.52° N, 115.78° E, 1344 m a.s.l.) in Beijing, China. The
mountain is located in the northwestern Beijing area. It is approxi-
mately 85 km north of the city center and was downwind of the central
city throughout the sampling period, during which southerly winds
prevailed. The ideal location of the mountain site is that it is located
over the top of the PBL. Previous research has observed that surface-
emitted pollutants mix with the convective boundary layer during the
day and reachmountainous sites on a daily basis. Effective transport or
formation of low-volatile substances from the ground to the top of the
PBL was observed; however, semi-volatile substances decreased during
the upward transport process35.

The HR-AMS data were processed and analyzed using the standard
AMS analysis. The AMS was calibrated for ionization efficiency using
pure ammonium nitrate by following the standard protocols. Here, we
apply two independent methods of quantifying pON. Note that the
default relative ionization efficiencies of 1.1 and 1.4 were applied for
inorganic nitrate and organic nitrate, respectively, during the mountain
and surface campaigns. A constant collection efficiency of 0.5 was used
for both experiments. The elemental composition of OA was calculated
using the “improved-ambient”method. The relative ionization efficiency
of the nitrogenous fragments CHN+ and CHON+ is 1.4. These are
deemed as compositions of nitrogenous organic aerosols without inter-
ference of inorganic nitrate.

Quantification of organic nitrate
For most field applications of the AMS, aerosol nitrate concentrations are
typically reported as a single inorganic nitrate concentration. This is due to
the fact that nearly all of the signal is measured at a couple of common ion
peaks (e.g.,NO+:m/z 30 andNO2

+:m/z 46).However, a few reports showed
that them/z 46/30 ratio is substantially smaller than ammoniumnitrate and
suggested that these signals may be associated with organic nitrates47. The
fraction of total AMS nitrate comprised of ON can be derived from the
equation below (adapted from Eq. 1 in Farmer et al. 18, with modified

notation for certain terms to align with this paper):

f NO3;org ¼
ðRobs � RNH4NO3

Þð1þ RNO3;orgÞ
ðRNO3;org � RNH4NO3

Þð1þ RobsÞ
ð1Þ

where fNO3,org is the fraction of organic nitrate in typical AMS nitrate; Robs,
RNH4NO3, and RNO3,org denote the NO2

+/NO+ ratios for the observed
ambient aerosol, pure NH4NO3, and NO3,org, respectively. The pON/OA
ratio investigated in this study pertains to the mass concentration of pON
relative to the combined concentration of OA (Org plus NO3,org). The
molecular weight of pON is assumed to be 200 gmol−1 to convert NO3,org

into pON48.Moreover, bothRNH4NO3 andRNO3,org depend on the particular
AMS. The ratio between both (χ) can be expressed as49:

χ ¼ RNH4NO3

RNO3;org
ð2Þ

In the absence of pON standards, the pON NOx+ ratio can be esti-
mated using a ratio referenced to the calibrated ammoniumnitrate ratio. So
the value of χ = 2.75 ± 0.41 for urban environment39 is used for this study.

The positive matrix factorization (PMF) method is also used to derive
the organic nitrate (Supporting Information). Being different from the
standard PMFmethod for organic mass spectra only, the mass spectral and
error matrices of inorganic fragment ions are also integrated with those of
OA into one unified dataset. The PMF analysis is performed on all the
fragments of OA up tom/z 120, in particular also incorporating the nitrate
fragments (NO+ and NO2

+) to assign these fragments with each resolved
factor19. The nitrate fragment ionsNO+ (m/z 30) andNO2

+ (m/z 46) before
PMF analysis were also converted to mass concentrations in both data and
error matrices. Each PMF resolved factor will contain NO+ and NO2

+ ions,
and one factor with a significantly lower NO+/NO2

+ ratio compared to the
others canbe recognizedas representing inorganicnitrate;whereas theother
factors can be deemed as organic nitrate associated with certain sources
determined by the OA mass spectra. The total concentration of organic
nitrate can thenbe calculatedby summingup theNO+ andNO2

+mass from
all OA factors. The NOx+ ratio method produced similar results to con-
ducting PMF on the expanded mass spectra series (including both OA and
NOx+ ions) to apportion nitrates.

Fig. 5 | Comparison of the average contributions of several major substances or
parameters at the mountain and surface sites. Fractions of particle-phase organic
nitrates-to-total nitrate (NO3,org/pNO3), oxygen-to-carbon (O:C), nitrogen-to-

carbon (N:C), CHN+, CHON+, fraction of brown carbon (BrC) absorption (bBrC),
and absorbing Ångström exponent (AAE, right y axis) for the mountain and surface
site during the convective mixing period.

https://doi.org/10.1038/s41612-024-00726-x Article

npj Climate and Atmospheric Science | (2024)7:179 7



The variation in light absorption coefficient (babs) as a function of
wavelength (λ) is described by the absorbing Ångström exponent (AAE):

AAE ¼ � lnðbabs;λ1 Þ � lnðbabs;λ2 Þ
lnðλ1Þ � lnðλ2Þ

ð3Þ

the λ1 and λ2 are selected at 370 nmand880 nm, respectively.AnAAEvalue
of 1.0 is generally adopted forBC (black carbon). The differences in theAAE
values were used to distinguish between BC and BrC50.

The three-dimensional (3D) trajectories of air mass histories were
computed using the Numerical Atmospheric-dispersion Modeling
Environment51, a Lagrangian dispersion model that employs Monte Carlo
methods to track the 3D paths of plume parcels. The integrated time is
recorded on a 0.25° × 0.25° horizontal grid, spanning from the ground up to
1000meters in altitude, encompassing all particles for a given release period.
To calculate the historical air mass contribution, the model releases tracer
particles at anominal rate of 1 g s−1, with amaximumtravel timeof 24 hours
inbackwardmode fromthe sampling site. Thepotential source contribution
of particles to themountain site over the past 24 hours is classified into four
main regions (Supplementary Fig. 3): north (41.5° ~ 45° N, 104° ~ 121° E),
south (32° ~ 39° N, 115° ~ 121° E) west (32° ~ 41.5° N, 104° ~ 115° E) and
local (39° ~ 41.5° N, 115° ~ 117° E). The concentration of aerosols within
these air masses is contingent upon factors such as transport efficiency,
reaction rates, and deposition rates specific to each type of aerosol. The
model differentiates between airmasses that are influencedmore locally and
those that are influenced by regional transport from wider areas.

Data availability
The data that support the findings of this study are available from the
authors on reasonable request.
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