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Elucidating key factors in regulating
budgets of ozone and its precursors in
atmospheric boundary layer
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The vertical variations and key drivers of ozone and its precursors, namely NOx and VOCs, in the
atmospheric boundary layer, have vital impacts on surface ozone budgets but are poorly understood
so far. Using online gradient measurements from a 356m tower, we obtained continuous vertical
profiles of ozone and its precursors, which exhibited strong gradients throughout the day. In the
daytime, the vertical gradients of ozone precursors are significantly regulated by reactions with OH
radicals. At night, our observations confirmed more intense VOC reactions with NO3 radicals in the
residual layer than in the boundary layer. Additionally, we found that residual layer entrainment could
contribute to over half of the boundary-layer ozone enhancements in themorning periods. Our results
underscore the importance of considering vertical changes of ozone and its precursors in the
atmospheric boundary layer when developing future ozone mitigation strategies.

High concentrations of ozone have become a pervasive environmental
issue in many cities worldwide1–6, posing serious threats to human health
and crop yields7,8. TheCleanAirAction Plan initiated inChina in 2013 led
to rapid decreases in anthropogenic emissions, resulting in notable
reductions in ambient concentrations of nitrogen oxides (NOx) and fine
particulate matter (PM2.5)

4,9. However, surface ozone levels have not
decreased in many cities4,10,11 due to the uncoordinated control of NOx
and volatile organic compounds (VOCs)12. Ozone pollution abatement
remains a challenging problem for China and many regions around the
world at present6,13–16.

The basis of ozone pollution alleviation lies in deciphering the fun-
damental factors that govern the budgets of ozone and its precursors
throughout the entire atmospheric boundary layer. Themajority of previous
studies on ozone and its precursors were primarily conducted based on
ground-level measurements, owing to the cost and complexity of mon-
itoring techniques and the scarcity of suitable platforms17. Nevertheless,
many studies have reported differences in the vertical distributions of ozone
and its precursors within the atmospheric boundary layer, which can
directly or indirectly influence the emergence of pollution episodes at
ground level18–21. Themechanisms of ozone formation at different altitudes,
alongwith the vertical transport of ozone and its precursors, remain unclear
due to insufficient vertical observations17,22. Consequently, a comprehensive
understanding of the vertical distributions and influencing factors of ozone

and its precursors is pivotal for developing effective ozone control
strategies9,23.

In themajority of prior studies, the vertical variations in concentrations
of ozone and its precursors were described qualitatively, without presenting
quantitative assessment results24–26. The budgets of ozone and its precursors
at various altitudeswithin the atmospheric boundarydiffer substantially due
to variations in their sources and sinks. but they are also closely coupled due
to enhanced turbulence vertical mixing. As crucial precursors of ozone,
ambientVOCs are contributed by complex sources, including both primary
emissions and secondary formation and are composed of myriad species
with substantial disparities in chemical reactivities27–29. Notable differences
exist in the vertical distribution of distinct VOC types30–33. The vertical
variations in both concentrations and compositions of VOCs could influ-
ence the budget and recycling of atmospheric radicals, such as hydroxyl
(OH) and peroxy (RO2) radicals, thereby affecting the formation
mechanisms (namely VOCs-limited, NOx-limited, and transitional
regimes) andproduction rates of ozone34–36. Therefore, clarifying the vertical
variations and key drivers of different VOC species is vital for a deep
understanding of ozone formation within the atmospheric boundary layer.

The vertical variations in concentrations of many VOC species have
been reported using gradient observations from various measurement
techniques such as tethered balloons, towers, aircraft, and unmanned aerial
vehicle37–41. These findings provide valuable insights into the vertical
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distributionpatterns and sources ofmanyVOCspecieswithin the boundary
layer42–44. However, the temporal resolution of existing vertical VOC gra-
dient data is highly discrete, preventing comprehensive characterization of
atmospheric chemical evolution at varying altitudes throughout the day.
This limitation is particularly significant in the lowest part of the tropo-
sphere (e.g., several hundreds of meters above ground level), where strong
vertical VOCgradients exist40,45. The scarcity of continuous, high-resolution
vertical VOC gradient measurements impedes a thorough examination of
ozone formation chemistry in the lower troposphere.

In addition to the vertical variations in precursors, numerous studies
have emphasized the substantial impact of high ozone concentrations aloft
on changes in surface ozone levels8,22,46,47. The entrainment of ozone from
above the atmospheric boundary layer, such as the free troposphere and the
nocturnal residual layer, is a significant source of boundary-layer ozone. In
prior research, the quantification of ozone sources has predominantly been
conducted through modeling studies48. A limited number of investigations
have utilized observed vertical ozone profiles for this quantification8,47,49.
Nevertheless, the impact of NO titration in observation-based ozone source
quantification remains inadequately explored, resulting in notable inac-
curacies in determining ozone source contributions, especially in regions
influenced by anthropogenic activities.

This study employed online gradient measurements of ozone and its
precursor gases (NOx and a large suite of VOCs) from a meteorological
tower. Using this extensive dataset, we systematically examined the vertical
variations and key drivers of ozone and its precursor gases during both
daytime and nighttime periods. Subsequently, the contributions of diverse
sources to the daytime boundary-layer ozone budget were quantitatively
evaluated using tower-based gradient measurements.

Results
Temporal and vertical variations in ozone and precursors
The hourly mean mixing ratios of surface ozone during the campaign
ranged from 2.5 to 118.8 ppbv, with amean of 28.3 ppbv, as shown in Fig. 1.
Prior to January 13th, the diurnal variability of surface ozone mixing ratios
was insignificant and considerably lower than that observed between Jan-
uary 14th and 29th. Similarly, the mixing ratios of NOx and TVOC
(including 34 species listed in Table S1) and PM2.5 concentrations before

January 13th exhibited minimal diurnal variability and were significantly
lower than thosemeasured subsequently (Fig. 1). Themean air temperature
and relative humidity between January 9th and 12thwere 8.8 °C and 29.1%,
respectively, indicating that the initial four days of the campaign were
dominated by cool and dry weather conditions. Before January 13th,
unstable weather conditions characterized by high boundary layer heights
and largewind speedswereobserved.Consequently, the lowmixing ratiosof
ozone and its precursors before January 13th were primarily attributed to
the suppression of photochemical ozone formation and favorable atmo-
spheric dilution conditions.

After January 13th, the PRDregionwas affectedby subsided airmasses
characterized by high temperatures, low relative humidity, and low wind
speeds compared to the beginning of the campaign. Theweather conditions
were exceptionally stable, as evidenced by low boundary layer heights at
night. During the campaign, the boundary layer heights lower than the
maximum sampling height occurred on 11 nights. The mixing ratios of
ozone and its precursors, along with PM2.5 concentrations, at ground level
were significantly enhancedwith strong diurnal variability. Surface ozone at
night was almost completely removed due to the presence of high NOx
concentrations. SurfaceNOxmixing ratioswere primarily composed ofNO
(nearly 90%, as shown inFig. S1),with themaximummixing ratio exceeding
300 ppbv on the nights of January 13th–16th. As a result, surface ozone was
rapidly titrated by NO. Due to the strong suppression of vertical mixing in
the stable nocturnal boundary layer, the mixing ratios of NOx and VOCs
exhibited large vertical gradients (Fig. S2) and strong diurnal variability,
withhighermixing ratios atnight thanduring theday (Fig. 2).The enhanced
accumulation of ozone precursors at night could facilitate photochemical
ozone formation the following day when strong solar radiation is present
(characterized by large photolysis rates of NO2, j(NO2))

50,51.
Figure 2 shows the average diurnal variations of ozone and precursor

gases (NOx and six major species measured by PTR-ToF-MS) at six dif-
ferent heights during the campaign. The mixing ratios of ozone at the six
heights displayed unimodal diurnal variation patterns, with the maxima
occurring in the early afternoon. At night, ozone and NOx mixing ratios
exhibitedprominent but opposite gradients from5m to 335m.The average
mixing ratio of ozone at 335m (40.8 ppbv) was approximately three times
larger than that at 5m (13.5 ppbv) between 03:00 and 06:00 LT.

Fig. 1 | Time series of concentrations of chemical
species along with meteorological parameters at
ground level during the campaign. aMixing ratios
of O3 and NOx. b TVOC mixing ratio and PM2.5

concentration. c Temperature (T) and relative
humidity (RH). d Boundary-layer height (BLH) and
photolysis frequencies of NO2 (j(NO2)). The shaded
areas indicate the three periods (P1, P2, and P3) with
distinct atmospheric stabilities.
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After sunrise (approximately 07:00 LT), surface ozone mixing ratios
rapidly increased before reaching their maximum at 16:00 LT, then con-
tinuously declined until they reached their minimum. The mixing ratios of
ozone at 335m between 20:00 and 24:00 LT decreased more slowly than
those in other heights, primarily due to the reduced effect of NO titration.
The onset time of the increase in ozonewas delayed from07:00 LT at 5m to
11:00 LT at 335m, primarily due to the growth of the boundary layer. The
Ox mixing ratio gradually increased at 335m between 07:00 and 11:00 LT,
indicating that ozone formation may occur in the aging residual layer after
sunrise.

The expansion of the boundary layer can facilitate the downward
entrainment of ozone from the residual layer and the upward mixing of
precursor gases from surface emission sources. Between 07:00 and 08:00 LT,
the mixing ratios of surface NOx peaked due to weak vertical mixing and
enhanced vehicle emissions. The NOx mixing ratios measured at heights
between 40mand335mbetween 07:00 and11:00 LT initially increased and
then decreased with the growth of the boundary layer. However, surface
NOx mixing ratios consistently decreased from 07:00 to 11:00 LT. The
vertical exchange of air masses driven by the growth of the boundary layer
will accelerate the increase of ozone in the lower part of the boundary layer
and enhance photochemical ozone formation in the middle and upper
boundary layers. In contrast to ozone and NOx, Ox (O3+NO2) mixing
ratios exhibited weak vertical gradients between 40m and 335m even
during nighttime and early morning (Figs. 2 and 3), suggesting that the
strong vertical gradients of ozone were mainly caused by NO titration. The
lowerOxmixing ratios at ground level during nighttime could be attributed
to the removal of ozone and NOx by surface dry deposition and ozone/
nitrate radical (NO3) chemistry52,53.

The mixing ratios of three hydrocarbon species, namely benzene,
toluene, and monoterpenes, exhibited temporal and vertical variation pat-
terns similar to those of NOx during nighttime and early morning. From
8:00 to 11:00 LT, the atmospheric vertical mixing gradually increased,
leading to a decrease in the concentration difference of primarily emitted
species (hydrocarbon species and NOx shown in Figs. 2 and S3) across six

measurement heights. After 11:00 LT, conditions for vertical mixing
improved, causing the primary species’ concentrations to generally decrease
due to dilution and chemical removal. The accumulation of these VOCs in
the stable nocturnal boundary layer indicated their continuous contribu-
tions from surface source emissions throughout the night. The rapid decline
in their concentrations after 11:00LTwasprimarily due to the improvement
of atmospheric dilution conditions with the growth of the boundary layer
and the initiation of chemical removal by hydroxyl (OH) radicals.

The average diurnal profiles of three oxygenated VOCs (OVOCs),
namely ethanol, formaldehyde, and MVK+MACR, during the campaign
were alsopresented inFig. 2. Themixing ratios of ethanol and formaldehyde
measured at six heights (see also acetone and phenol in Fig. S3) exhibited a
diurnal pattern similar to that of primary species at night, suggesting their
local primary emissions are also influential. The mixing ratios of for-
maldehyde, MVK+MACR, and cresol (Fig. S3) almost increased simul-
taneously at the sixheightswith theonsetof solar irradiation, confirming the
ubiquitous presence of their secondary formation throughout the boundary
layer. Formaldehyde is a key intermediate oxidation product of
hydrocarbons54,55, MVK+MACR is the key oxidation product of
isoprene56, and cresol is the ring-retaining oxidation product of toluene
initiated by OH radicals57. The diurnal variation patterns obtained at dif-
ferent heights indicate their mixed contributions from both secondary
formation and primary emission.

Key drivers of vertical variations in ozone and its precursors
The vertical variation patterns of gaseous species in the lowest part of the
troposphere are governed by a complex interplay of factors, such as surface
emissions, dry and wet deposition, atmospheric dilution conditions, che-
mical removal and formation processes, vertical mixing, and advection
transport. The vertical profiles of these gaseous species can provide valuable
insights into the key factors driving their vertical change. As discussed in the
above section, atmospheric stability is a crucial factor affecting the vertical
variations of gaseous species at nighttime58,59. To further investigate the
impact of atmospheric stability on the vertical variation of ozone and its

Fig. 2 | Average diurnal variations inmixing ratios
of selected gaseous species at the six inlet heights
during the campaign. aO3.bNOx. cOx.dBenzene.
e Toluene. fMonoterpenes. g Ethanol.
h Formaldehyde. iMethyl Vinyl Ketone and
Methacrolein (MVK+MACR).
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precursors at nighttime (23:00–04:00 LT), we selected three distinct
meteorological periods: period 1 (P1), period 2 (P2), and period 3 (P3), as
marked in Fig. 1.

Asdepicted inFigs. 3 andS4, the vertical profiles of air temperature and
potential temperature (θ) confirmed thepresenceof anunstable atmosphere
below 350m on the nighttime of P160. A strong thermal inversion layer was
observed on the nighttime of P2, with nocturnal boundary layer heights
determined as approximately 160m based on the change in vertical gra-
dients of temperature profiles (dT/dz = 0)61. Additionally, strong positive
gradients of θ (0.035 Km−1) and relatively lowwind speeds (0.5m s−1) were
observed below 160m, implying strongly stable atmospheric conditions on
the nighttime of P260,62. Analogous to P2, P3 was also characterized by low
wind speeds at ground level, the presence of a thick thermal inversion layer,
and moderate positive gradients of θ (0.0096 Km−1). Therefore, atmo-
spheric conditions in the nighttime of the three periods (namely P1, P2, and
P3) were recognized as unstable, strongly stable, and moderately stable,
respectively. As shown in Figs. S5–S7, there are significant disparities in the
diurnal variations of chemical species across the three periods. Notably, the
vertical difference escalated with an increase in atmospheric stability, par-
ticularly during nocturnal hours.

In P1, the mixing ratios of ozone, NOx, and VOCs all exhibited weak
vertical gradients in the nocturnal boundary layer due to enhanced vertical
mixing. However, the species profiles in P2 displayed stronger vertical
gradients than those inP1 andP3.The strong atmospheric stability confined
surface emissions to a thin layer above the ground. Ozone mixing ratios
rapidly increased with height below 335m, while the mixing ratios of NOx

and monoterpenes rapidly declined. The average mixing ratio of NO
(216.6 ppbv) in the nighttime of P2 was approximately 470 times higher
than that (0.5 ppbv) in P1, due to the accumulation of surface emissions and
the suppression of vertical mixing. In contrast to ozone and NOx, stratified
structureswere observed in vertical profiles of toluene and someOVOCson
thenighttimeof P2 (Figs. 3 and S4).As introduced in “Methods” section, the
tower site is located inside a protected park for a reservoir without imme-
diately adjacent to anthropogenic emission sources. The stratified structures
in vertical VOC profiles were most likely caused by the advection transport
of pollution plumes from surrounding emission sources, such as vehicular
exhausts. InP3, the vertical profilesof gaseous specieshad similar patterns to
those in P2; However, the vertical gradients in P3 were weaker than
those in P2.

At night, the oxidation of VOCs is primarily driven by NO3 radicals
and ozone due to the exceedingly low levels of OH radicals. The reaction
rate constants of most VOC species with NO3 radicals are substantially
greater than those with ozone63. Consequently, the atmospheric oxida-
tion capacity during nighttime is closely associated with the abundance
and production rate of NO3 radicals. NO3 radicals are produced by
chemical reactions of ozone with NO2 and can be rapidly photolyzed
during the day. Similar to ozone, NO3 radical could be rapidly titrated by
NO with the formation of two NO2 molecules. Therefore, the vertical
distribution of atmospheric oxidation capacity at nighttime is strongly
regulated by the vertical change in concentrations of ozone andNOx22,64.
In both P2 and P3, the nocturnal boundary layer heights were lower than
335 m (Fig. 1), providing a valuable chance to explore the factors driving

Fig. 3 | The average vertical profiles of meteor-
ological parameters and chemical species during
the three periods (P1, P2, and P3) at night
(23:00–04:00 LT), as well as the diurnal variation
of boundary layer height (BLH) in these three
periods. aTemperature (T). bPotential temperature
(θ). d O3. e Ox. f NOx. g Toluene. hMonoterpenes.
iMethyl Vinyl Ketone and Methacrolein (MVK+
MACR). c shows average diurnal profiles of the BLH
in the three periods. The shaded areas represent 30%
of standard deviations.
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the change in concentrations of gaseous species in the nocturnal
residual layer.

Due to the lack of direct NO3 radical measurements, the production
rate of NO3 radicals, denoted by PðNO3Þ, is used as an indicator to char-
acterize the atmospheric oxidation capacity during nighttime65.PðNO3Þwas
estimated used formulated in Eq. (1):

PðNO3Þ ¼ kO3þNO2
O3

� �
NO2

� �
ð1Þ

where kO3þNO2
is the reaction rate constant between ozone and NO2

molecules; [O3] and [NO2] are the mixing ratios of ozone and NO2,
respectively. As shown in Fig. 4, the PðNO3Þ values during the nighttime of
P1 exhibited minor differences between 5 and 335m with an average of
0.6 ppbv h−1 due to the effective mixing of ozone and NOx. Conversely, the
PðNO3Þ values at 335m on the nighttime of P2 varied slightly with
an average of 2.2 ppbv h−1 and were significantly greater than those
(0.3 ppbv h−1) at 5m. This increase is primarily attributed to the presence of
high ozone concentrations and the reduced effect of NO titration. A similar
phenomenon was observed on the nighttime of P3 with moderately stable
atmospheric conditions (Fig. S8). These findings provide important infor-
mation that the formation potential of NO3 radicals and the atmospheric
oxidation capacity in the nocturnal residual layer is stronger than in the
nocturnal boundary layer66.

We also calculated the reactivity of VOCs and NOx with respect to
NO3

64, namely the first-order NO3 loss constant resulting from reactions
with VOCs and NOx, as denoted by NO3 reactivity in Fig. S9. The NO3

reactivity exhibits a wide range, spanning from less than 0.1 s−1 to over
100 s−1. It is observed that the NO3 reactivity during the unstable nights
closely aligns with results in forested and regional sites64,67,68, a markedly
enhancedNO3 reactivity is discerned during stable periods (P2 and P3) due
to high concentrations of NO and VOCs. The results from P2 and P3 also
suggest that the NO3 reactivity gradually decreases from the surface to the
residual layer, consistent with the vertical distribution patterns of NOx and
reactive VOCs, such as unsaturated hydrocarbons. Considering that both
ozone and PðNO3Þ increase with altitude during stable periods (P2 and P3),
while the NO3 reactivity decreases with increasing height, our results

confirm that the atmospheric oxidation capacity in the nocturnal residual
layer is stronger than that in the nocturnal boundary layer.

The amount of VOCs oxidized by ozone may represent only a minute
fraction due to the abundance of NO3 radicals in the nocturnal residual
layer69. In the absence of significant influences from surface emissions and
advection transport, the decreases in reactive VOC concentrations within
the residual layer weremainly caused by chemical removal initiated byNO3

radicals. The ratio of average mixing ratio of a VOC species, denoted by
Rnighttime, between two time periods (namely 03:00–05:00 LT and
22:00–24:00 LT) in nighttime was used to characterize the change in its
concentration driven by the oxidation of NO3 radicals, as formulated in
Eq. (2):

Rnighttime ¼ R½ �03:00�05:00LT= R½ �22:00�24:00LT ð2Þ

where [R]22:00-24:00 LT and [R] 03:00-05:00 LT represent the average mixing
ratios of the VOC species R during the two time periods, respectively.
Rnighttime can be also described using the formula of Eq. (3) if the decrease in
Rnighttime of a VOC species was dominated by reacting with NO3 radicals.

Rnighttime ¼ A × expð�kNO3�R × ½NO3�ΔtÞ ð3Þ

Where kNO3�R is the rate constant for gas-phase reactions of NO3 radicals
with R. [NO3]Δt refers to the NO3 radical exposure of VOCs during the
period of Δt. The coefficient A was used to characterize the effect of
atmospheric dilution on the change in Rnighttime.

Figure 5 illustrates the variation inRnighttime as a functionof kNO3
within

the nocturnal residual layer (335m) and at ground level (5m) in P1 and P2,
accompanied by the fitting lines derived from Eq. (3). In P1, the Rnighttime at
both 5 and 335m generally declined with an increase in kNO3

, with a more
significant NO3 radical exposure ([NO3]Δt = 5.21 × 1010 molecules cm−3 s)
at 5m. Consequently, the chemical removal of VOCs by NO3 radicals was
more pronounced at the ground level than above within the nocturnal
boundary layer under unstable atmospheric conditions (P1). This is
attributed to the fact that during the unstable nighttime periods, ground-
level ozone remains around 20 ppbv, coupled with low NO concentrations,

Fig. 4 | Average diurnal variations inNO2, O3, and
the production rate of NO3 radicals (PðNO3Þ) at 5
and 335m, along with photolysis frequencies of
NO2 (j(NO2)) at 5 m in the strongly stable (P1) and
moderately stable (P2) periods. a The NO2, O3 at 5
and 335 m, and j(NO2) at 5 mduring P1. bThe same
as (a), but in P2. c The PðNO3Þ at 5 and 335 m, along
with j(NO2) at 5 m during P1. d The same as (c),
but in P2.
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creating favorable conditions for the accumulation of NO3 (Fig. S5). In P2,
theRnighttimeobtained at 5mshowsnoevidenceof significant influence from
NO3 chemistry, aligningwith extremely highNO concentrations. However,
the Rnighttime at 335m significantly decreased for species with high kNO3

,
indicating substantial impacts of NO3 chemistry on these reactive VOC
species.Thesefindingsprovidedirectobservational evidenceconfirming the
existence of active chemical processes initiated by NO3 radicals for reactive
VOCs within the nocturnal residual layer. The oxidation products of these
reactive species can further drive the formation of secondary organic aerosol
at night and the photochemical formation of secondary gaseous pollutants
for subsequent daytime periods53.

During the day, atmospheric trace gases exhibited enhanced vertical
mixing as the boundary layer expanded. Despite being significantly weaker
than those in nighttime, vertical gradients of VOCs profiles were still dis-
cernible (Fig. 2). The mixing ratios of non-methane hydrocarbons
(NMHCs) displayed negative but varied gradients with increasing height
during the daytime (11:00–16:00 LT), as shown in Fig. 6a. Notably,
monoterpenes decreased more rapidly from 5m to 335m compared to
other species, indicating that highly reactive species such as limonene from
anthropogenic sources may dominate themonoterpene composition in the
study area29. Conversely, most OVOCs either decreased slowly or even
increased with height, as shown in Fig. 6b. Atmospheric dilution had nearly
the same impact onchanges in concentrationsof variousVOCs species from
the ground level to a certain height. Consequently, chemical removal/for-
mation played a dominant role in shaping the vertical distribution patterns
of VOCs in the daytime boundary layer.

NMHCs, which are primary emissions, undergo chemical consump-
tion during the verticalmixing process alongwith the formation ofOVOCs.
In this study, the average concentration ratios of VOCs between 335 and
5m, denoted by Rdaytime and as formulated in Eq. (4), were used to

Fig. 6 | Normalized vertical profiles of the selected volatile organic compounds
(VOCs) during the daytime (11:00–16:00 LT) of the campaign. a Non-methane
hydrocarbons (NMHCs). bOxygenated volatile organic compounds (OVOCs). The
mixing ratios of VOCs measured above 5 m are normalized to those at 5 m.

Fig. 5 | The change in Rnighttime as a function of
kNO3 in the strongly stable (P1) and moderately
stable (P2) periods. a and c show the observation
results at 5mand 335mduring P1;whileb andd show
the observation results at the same locations during P2.
Rnighttime represents the ratio of the average species
concentration in the earlymorning (03:00–05:00LT) to
the late evening (22:00–24:00 LT). Error bars represent
standard deviations. Solid lines are fittings using the
equation R ¼ A × expð�kNO3

× ½NO3�ΔtÞ.
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quantitatively characterize the vertical variation of VOCs in the daytime.

Rdaytime ¼ R½ �335m= R½ �5m ð4Þ

Where [R]335m and [R]5m represent the average mixing ratios of the VOC
species R at 335 and 5m, respectively. For NMHCs, Rdaytime can be also
formulated as Eq. (5) if the vertical change in mixing ratios of an NMHC
species was mainly driven by reacting with OH radicals70.

R½ �335m= R½ �5m ¼ A × expð�kOH�R × ½OH�ΔtÞ ð5Þ

Where kOH�R is the rate constant for gas-phase reactions of OH radicals
withR. [OH]Δt refers toOH radical exposure of NMHCs during the period
ofΔt. The coefficientAwas used to characterize the effect of vertical dilution
on the change in mixing ratios of NMHCs.

As shown in Fig. 7, the Rdaytime for NMHCs declines for species with
higher kOH, confirming the fact that themore reactiveNMHCs are removed
more rapidly from reaction with OH radicals. From the exponential fits of
various NMHCs species, an OH exposure ([OH]Δt) at 1.98 × 109

molecules cm−3 s was obtained. A large value of A (0.986) indicates the
minor effect of vertical dilution on the vertical change in concentrations of
NMHCsbetween335mand5mduring thedaytime.The chemical removal
of NMHCs during vertical mixing is accompanied by the formation of
OVOCs. In addition to secondary formation, many studies suggest the
important contribution of primary emissions to ambient concentrations of
OVOCs71,72. In combination with the accumulation effect of OVOCs aloft,
the Rdaytime for OVOCs exhibits insignificant dependence on the change in
kOH. These results further highlight the differentiated roles of atmospheric
chemistry on vertical distributions of different VOC groups.

Diurnal variations in CICs of ozone and its precursors
The mixing ratios of ozone and its precursors exhibit distinct vertical gra-
dients within the atmospheric boundary layer. Consequently, ground-level
measurements of gaseous species, particularly reactive ones, are insufficient
to fully characterize their total budgets (i.e., from physical and chemical

sources and removal) and temporal variability throughout the entire
atmospheric boundary layer. To address this issue, we utilized column-
integrated concentrations (CICs) of ozone and its precursors to interpret
diurnal variations of their abundances in the atmospheric boundary
layer73–75. Here, the CICs of gaseous species were determined from the
ground to the daily maximum height of the boundary layer, which corre-
sponds to the potential top of the nocturnal residual layer (Fig. S16). The
concentrations of gaseous species above 335m were estimated using the
following methods derived from their gradient measurements.

Firstly, the mixing ratios of NMHCs between 335m and the top of the
boundary layer in the daytime were estimated. As discussed in the above
section, the concentration ratio of an NMHC species between two heights
can be well reproduced using Eq. (5) and its reaction rate constant with OH
radicals. Similarly, the mixing ratios of an NMHC species at a height
(denoted as h) above 335m within the boundary layer can be estimated
using the transformation of Eq. (5). The parameters A and [OH]Δt between
5m and an arbitrary measurement height at a certain time can be obtained
by fitting corresponding gradient measurements using Eq. (5). Then, the
parametersAand [OH]Δt between5mandanarbitraryheight above 335m
were extrapolated based on those obtained below, as shown in Fig. S10.
Consequently, for an NMHC species R, its mixing ratios at h (denoted as
[R]h) within the boundary layer were estimated using Eq. (6), derived from
Eq. (5):

½R�h ¼ R½ �5m × f 1ðhÞ× exp½�kOH�R × f 2 hð Þ� ð6Þ

where f 1ðhÞ and f 2ðhÞ describe the values of A and [OH]Δt from 5m to a
specificheight ofh above 335m in theboundary layer andare functions ofh.
kOH�R is the reaction rate constant between the NMHC species R with OH
radicals. In addition to NMHCs, the concentrations of NOx from 335m to
the top of the boundary layer were also estimated using Eq. (6) due to its
strong reactivity with OH radicals. For other species such as Ox and
OVOCs, their concentrations above 335m within the boundary layer were
assumed to be identical to those measured at 335m.

Secondly, we estimated the mixing ratios of chemical species in the
residual layer. Estimating species concentrations in the residual layer ismore
challenging than in the daytime boundary layer due to weak vertical mixing
and complex chemical reactions. To determine the optimal method for
estimating species concentrations in the residual layer, we tested three
methods as discussed in “Methods” section. Finally, we considered the
concentrations of chemical species in the residual layer equal to their
respectivemeanconcentrationsmeasured at 335mbetween00:00 and06:00
LT on the two consecutive days (Method III in “Estimation of ozone and its
precursor concentrations in the residual layer” section). It should be noted
that thismethod is only suitable for dayswhen the nocturnal boundary layer
height remains below 335m.

Figure 8 presents the average diurnal variations in CICs and ground-
levelmixing ratios of selected species from January13th to 15th.TheCICsof
the chemical species estimatedby the other twomethods areprovided inFig.
S12. Compared to the mixing ratios of ozone and OVOCs at ground level,
their CICs also peaked in the afternoon but exhibited weaker diurnal
variability. Due to the positive vertical gradients of ozone andOVOCs, their
abundances and chemical formation rates in the boundary layer may be
highlyunderestimatedusing ground-levelmeasurements.Themixing ratios
of NOx and NMHCs at ground level generally exhibited typical diurnal
patterns with high concentrations at night and low concentrations during
the day. In contrast, the CICs of NOx and NMHCs exhibited opposite
diurnal variationswith apparently higherCICs during the day than at night,
which is consistent with the diurnal variation patterns in their emission
intensities76. The diurnal variations of CICs for NOx are consistent with the
results derived from satellite remote-sensing data, further confirming the
determined values.

Ozone precursors, primarily emitted from primary emissions at
ground level, are rapidly diluted and chemically consumed as the boundary
layer grows. However, the abundance of these precursors rapidly increases

Fig. 7 | The change in [R]335m/[R]5m as a function of kOH for non-methane
hydrocarbons (NMHCs) and oxygenated volatile organic compounds (OVOCs).
Error bars represent standard deviations. [R]335m and [R]5m are the mean daytime
mixing ratios of species at 335 m and 5 m, respectively. The red solid line is the fitting
for NMHCs using the equation y ¼ A× expð�kOH × ½OH�ΔtÞ.
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with the growth of the boundary layer, driving photochemical ozone for-
mation throughout the entire boundary layer. For reactive VOCs (e.g.,
alkenes and aromatics) that exhibit strong vertical gradients in the daytime
boundary layer, their abundances in the daytime boundary layer would be
overestimated if only ground-level observations were used.

The large vertical negative gradients of these reactive VOCs
highlight their rapid removal by chemical reactions after being emitted
from surface sources. The observed concentrations of VOCs in
ambient air are the results of chemical reactions, with less reactive
VOCs potentially having higher concentrations. Large discrepancies
may exist in assessing the formation potentials of VOCs for ozone
using ground-level observations. In this context, the use of CICs of
VOCs may provide a better solution to this problem. As the boundary
layer shrinks, a proportion of the primary emissions (e.g., NMHCs and
NOx) and large amounts of secondarily-formed species (e.g., ozone
and OVOCs) will be trapped above the boundary layer, forming the
residual layer. These chemical species will then re-enter the boundary
layer the following day.

Sources for the Ox increment in the daytime boundary layer
The residual layer can retain characteristics of the daytimeboundary layer in
the afternoon without being significantly influenced by surface fresh
emissions27,77. The ozone-rich air masses in the residual layer can entrain
into the boundary layer in themorning, contributing to the rapid increase of
surfaceozone47. The contributionof downwardozone entrainment fromthe
residual layer to thedaytimeboundary layerhas beenquantitatively assessed
in previous studies using different methods based on vertical ozone
profiles8,47,49. In this study, we reassessed the contributions of the residual
layer to the budget of the boundary-layer ozone based on changes in
CICs of Ox.

In stable weather conditions, the nocturnal boundary layer heights
were frequently lower than 160m (Fig. 3c). As shown in Fig. 3d, high
concentrations of ozone were observed in the residual layer on the nights of
January 13th to 16th (P2, strongly stable) and January 21st to 24th (P3,
moderately stable). The contributions of the three sources (namely residual
layer contribution, surface emission, and chemical formation) to the
increase of the boundary-layerOxwere calculated over the growth course of
the boundary layer using the method described in “Methods” section
(Fig. S13).

As depicted in Fig. 9, the residual layer and chemical formation were
the two primary contributors to the increase of boundary-layer Ox. The
contribution fractions of these three sources in the increase of boundary-
layer Ox exhibited similar diurnal and day-to-day variation during the two
stable periods (P2 and P3). Surface emissions accounted for small fractions
in the increase of boundary-layer Ox with an average of 2.8% (09:30–13:00
LT) and decreased as the boundary layer continued to grow. The con-
tributing fractions of chemical formation rapidly increased with the growth
of the boundary layer in P2 and P3, suggesting that photochemical for-
mation played a more significant role in elevating surface ozone levels with
the enhancement of solar radiation. In P2 and P3, the average fractions of
the residual layer to the increase of boundary-layer Ox gradually decreased
from 71.1% to 57.0% from 09:30 to 13:00 LT, while contributions of che-
mical formation increased from 13.9% to 41.0%. Therefore, the downward
entrainment of ozone from the residual layer was primarily responsible for
the rapid increase of the boundary-layer ozone in the morning period.

The contributions of the residual layer to the boundary-layer ozone
budget were estimated using a modified method based on changes in CICs
of ozone, as opposed to Ox, following the methods used in Zhao et al.49,
Kaser et al.47, and Li et al.8. A detailed introduction of these methods is
provided in Supplementary information (Text S3.1–S3.3). In these
studies8,47,49, the contributions of the residual layer to the boundary-layer
ozone during the growth course of the boundary layerwere estimated based
on two assumptions: (i) ozone concentrations were well mixed in the
boundary layer; (ii) ozone was not substantially consumed during the ver-
tical mixing process. The second assumption is challenging to satisfy due to
the titration of ozone by NO, particularly in urban regions with strong NO
emissions from vehicle exhausts. However, these assumptions may be valid
for remote areas where NOx emissions from combustion sources are
extremely weak.

As shown in Fig. 10a, the contribution of the residual layer (denoted by
RL contribution) to the boundary-layer ozone budget was overestimated
when high mixing ratios of NOx were observed at ground level. This was
determined using the CICs of ozone, where Ox columns were replaced with
those of ozone in Eqs. (10) and (11). In the early morning, when NOx
concentrations were high (Fig. 2b), the ozone entrained from the residual
layer was rapidly removed byNO, leading to the estimated RL contribution
exceeding 100%based on changes in CICs of ozone. For similar reasons, the
method used in Zhao et al.49 also overestimated the contributions of the

Fig. 8 | Average diurnal variations in ground-level
mixing ratios and column-integrated concentra-
tions (CICs) of selected gaseous species from
January 12th to 15th. aO3. bNOx. cOx. dBenzene.
e Toluene. fMonoterpenes. g Ethanol.
h Formaldehyde. iMethyl Vinyl Ketone and
Methacrolein (MVK+MACR). The shaded areas
represent standard deviations.
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residual layer (marked by black crosses in Fig. S14) in the presence of high
NOx concentrations. The same issue also existed in the methods used in
Kaser et al.47 and Li et al.8, and the results are discussed in Text S3.4 of
Supplementary Information.

During daytime, when NOx concentrations were low, the CICs of
ozone were either equivalent to or slightly lower than those of Ox due to the
reduced impact of NO titration. However, the CICs of Ox in the nighttime
boundary layer remain significantly higher than those of ozone due to the
pronounced effect of NO titration, as evidenced by the steep gradients of
vertical ozone profiles in Fig. 3. The increase in CICs of ozone in the
boundary layer between daytime and nighttime will be more substantial
than that of Ox. As a result, using the CICs of ozone with low NOx con-
centrations may lead to an underestimation of the RL contribution, as
shown in Fig. 10a.

In conclusion, the impact of NO titrationmust be carefully considered
when assessing the contribution of various transport types to the boundary-
layer ozone budget, particularly in urban areas with strong NO emissions
from combustion sources. Nevertheless, vertical measurements of NOx are
not always obtained due to the limitations of available techniques or plat-
forms, such as ozone lidar and small tethered balloons. In this context,
uncertainties in the RL contribution estimated using vertical ozone profiles
can be approximately determined by Eq. (7) as a function of the NO2/Ox
ratio:

Uncertainty ¼ RL CIC O3

� �� �� RL CIC OX

� �� �
RL CIC OX

� �� � 100% ð7Þ

Where RL CIC O3

� �� �
and RL CIC OX

� �� �
represent the RL contribution

estimated using the CICs of ozone and Ox, respectively. As shown in Fig.
10b, uncertainties of the RL contribution estimated using the CICs of ozone
have a strong lognormal dependence on the change in the ratio of NO2/Ox
at the ground level. The largest mean uncertainty of 95% for the RL con-
tribution using the CICs of ozone occurred at the NO2/Ox ratio of
approximately 0.7 and between 10:00 and 11:00 LT. A summary of the
methodsused in this study andpreviousworks, aswell as their improvement
suggestions and application scenarios, are provided in Table S2.

Regardless of themethodological differences, all results underscore the
significant contribution of ozone entrainment from the residual layer to the
boundary-layer ozone budget on days with stable weather conditions.
Ozone-rich air masses originating from chemical production and other

sources within the daytime boundary layer can be retained in the nocturnal
residual layer again if the atmosphere becomes stable at night, subsequently
affecting surface ozone levels through entrainment on the following day.
Therefore, the nocturnal residual layer can be viewed as a temporary
reservoir for theboundary-layer ozone in thedaytime.Thevertical exchange
of ozone between the residual and boundary layers can drive a continuous
accumulation of surface ozone, leading to severe ozone pollution episodes.
Separating the sources of ozone in the daytime boundary layer from those in
the residual layer and photochemical formation is essential for under-
standing photochemical ozone formation mechanisms throughout the
entire boundary layer. This understanding is critical for developing effective
control strategies for ozone precursors.

Discussion
Online vertical gradient measurements of ozone and its precursors were
made on a tall tower to analyze their vertical variations and key driving
factors. The concentrations of ozone and its precursors exhibited vertical
gradients in the boundary layer, with ozone concentrations generally
increasing with height while its key precursors (e.g., NOx and NMHCs)
decreasing throughout the day. During the daytime, VOCs displayed dis-
tinct vertical gradients and were significantly regulated by reactions with
OHradicals. The concentrationsofmanyOVOCs increasedwithheight due
to their secondary production during the verticalmixing process. The larger
vertical concentration gradients for more reactive NMHCs implied that
their observed concentrations were the result of chemical reactions, which
could introduce large uncertainties in quantifying the budgets of these
reactive species in the atmospheric boundary layer and assessing their
potential contributions to photochemical ozone formation if only ground-
level measurements were available. In this context, we proposed the use of
CICs with chemical consumption correction as a promising solution to this
problem.

During the nighttime, surface emissions, dry deposition, and the
suppression of vertical mixing play a significant role in creating strong
vertical gradients of ozone and its precursorswithin the nocturnal boundary
layer. The observed chemistry of VOCs initiated by NO3 radicals was more
intense in the residual layer than in the boundary layer. This suggests that
the nocturnal residual layer serves as a crucial place for the formation of
secondary pollution. Furthermore, the entrainment of the residual layer
with ozone-rich air masses could contribute to over half of the boundary-
layer ozone enhancements during morning periods. These findings

Fig. 9 | Average diurnal variations in contribution
and contribution fractions of the three sources to
the change in column-integrated concentrations
(CICs) of Ox in the boundary layer in the strongly
stable (P2) and moderately stable (P3) periods.
a and b are the contribution of the three sources
(namely residual layer contribution, chemical for-
mation, and surface emission) to the change in CICs
of Ox in the boundary layer in P2 and P3, respec-
tively. c and d are the contribution fractions of the
three sources to the change in CICs of Ox in the
boundary layer in P2 and P3, respectively.
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underscore the ongoing effects of local ozone pollution and the need for
precise quantification of source contributions of boundary-layer ozone.

The vertical variations in concentrations of ozone and its precursors
play a crucial role in determining the changes in atmospheric chemical
processes. For instance, the distinct vertical gradients of NOx and various
VOCs can alter the formation rates and mechanisms of ozone at different
altitudes40,78.Moreover, the vertical variations in concentrations ofNOx and
VOCs can also drive changes in the formation pathways and yields of
secondary organic aerosol79,80. In addition to ozone, the entrainment of
ozone precursors and the oxidation products of VOCs from the residual
layer can significantly impact the formation of ozone in the daytime
boundary layer the following day52,53. Therefore, further investigation is
needed to understand the vertical changes in atmospheric chemistry and
their related environmental impacts.

Methods
Site description and field campaign
Vertical gradient measurements of ozone and its precursors, namely VOCs
and NOx (NO+NO2), were conducted on the ShiyanMeteorology Tower
(SMT) in Shenzhen, China. The SMT has a height of 356m and is located
inside a protected park for water in the western suburban Shenzhen and the
eastern part of the Pearl River Delta (PRD) region81. PRD is one of themost
developed, populated, and industrialized regions in China and also faces
serious secondary air pollution problems82. Despite continuous reductions
in anthropogenic emissions, surface ozone concentrations have shown

rising trends over the urban areas of PRD in the recent two decades12.
Therefore, the abatement of ozone pollution has been the key to the
improvement of regional air quality in PRD.

The surrounding land-use types of the SMT site primarily consist of
water, evergreen arbor, industrial parks, residential buildings, freeways, and
an airport. The SMT is situated approximately 20 km northwest of down-
town Shenzhen and 10 km west of the Shenzhen Bao’an International
Airport. A three-lane expressway in both directions is located about 1 km to
the north and northeast of the SMT. Several industrial parks are situated
about 2 km to the north of the SMT. Consequently, atmospheric compo-
sition concentrations at the SMT site are influenced by a complex array of
emission sources. Detailed descriptions of the SMT have been provided in
other literature81,83. The field campaign was conducted from January 8th to
29th, 2021.

Instrumentation and data acquisition
Meteorological parameters, including air temperature (T), relative humidity
(RH), air pressure, wind speed, and wind direction, were directly measured
at 13 heights ranging from 10 to 350m on the tower. Online gradient
measurements of ozone and its precursors were made using a tower-based
observation system that features five inlet heights (40m, 70m, 120m,
220m, and 335m) on the tower. Besides, an additional sampling inlet was
mounted on the rooftop of the observation room (approximately 5m above
ground level) at the SMT base. A detailed description and assessment of the
vertical observation system have been provided in our previous study, and a
brief description is provided here.

Two PFA-Teflon tubes (OD: 1/2”) were installed at each sampling
height, with one for backup. The inlet end of the tubing on the tower was
connected to a filter to remove fine particles. A vacuum pump was used to
simultaneously draw air samples from the six tubes. The flow rate of the
sample gas stream in each tubing was controlled by a critical orifice. Sub-
samples were sequentially drawn by instruments from the six tubes through
a solenoid valve group that canperform the switchof the samplingheights at
adjustable time intervals. In this study, the switching time intervals between
inlet heights were set as 2min, thus requiring 12min to complete a full
vertical profile measurement. All the instruments were operated in an air-
conditioned room at the SMT base.

VOCmeasurements weremade by a proton transfer reaction time-of-
flight mass spectrometry (PTR-QiToF-MS, IONICON Analytik,
Innsbruck, Austria) with time resolutions of 5 s. The PTR-ToF-MS oper-
ated at an E/N ratio of approximately 120 Td. The raw mass spectral data
were processed using high-resolution peak fittings in Tofware (Tofwerk
AG, v3.0.3). The PTR-ToF-MS has both H3O

+ 27,84,85 and NO+ 86,87 ion
sources, which can be automatically switched at designated time intervals.
During the campaign, the PTR-ToF-MS was operated in the H3O

+ mode
for the first 44min of one hour and in the NO+ mode for the last 16min.
Blank measurements were automatically taken for 2min before the switch
of the ion source by passing ambient air through a platinumcatalyst (heated
to 365 °C to remove VOCs). A certified gas standard containing 34 VOC
species (Table S1) was used to calibrate the instrument three times daily for
the H3O

+ mode27. Effects of ambient humidity on measured ion signals
were eliminated using humidity dependence curves of the VOC species
determined in our laboratory after the field campaign85,86.

A CO2/H2O gas analyzer (Li-840A, Licor Inc., USA) was employed to
measure ambient humidity at time resolutions of 5 s. Ozone and NOx
measurements were made at time resolutions of 10 s using the ultraviolet
photometry method (49i, Thermo Fisher Scientific Inc., USA) and the che-
miluminescence method (42i, Thermo Fisher Scientific Inc., USA), respec-
tively. PM2.5 concentrations at ground level were obtained from an
automated monitoring station at the SMT base operated by the Shenzhen
Ecological and EnvironmentalMonitoring Center of Guangdong Province81.
Boundary-layer height (BLH) at the tower site was obtained from simulation
results of the Weather Research and Forecasting model (WRF v4.1.2)88.
Additionally, nocturnal boundary layer heights were corrected using the
vertical gradients of temperature measured by the tower platforms.

Fig. 10 | Comparison of the residual layer contribution estimated based on
column-integrated concentrations (CICs) of ozone with that estimated based on
CICs of Ox. a Scatter plots of the residual layer contributions to the budget of the
boundary-layer ozone estimated using the method based on CICs of ozone CIC
versus those estimated using the method based on CICs of Ox. b Uncertainty of the
RL contribution estimated using theCICs of ozone as a function of theNO2/Ox ratio.
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Source analysis of ozone in the daytime boundary layer
Based on the gradient measurements of Ox (O3+NO2) and NOx, we
proposed a new approach to estimate the contributions of downward
entrainment and chemical formation to the boundary-layer ozone budget
during the growth process of the atmospheric boundary layer. Unlike pre-
vious studies, this approach was developed based on changes in columns of
Ox andNOx, denoted by column-integrated concentrations (CICs), in both
the boundary layer and the nocturnal residual layer, rather than relying
solely on vertical ozone measurements.

Ox is a more reliable metric for characterizing the spatio-temporal
changes of ozone by eliminating the impacts from NO titration12. This
approach does not incorporate contributions from advection ozone trans-
port, which is reasonable given that the nocturnal residual layer was well-
formed in stable weather conditions when the advection transport of air
pollutants from adjacent regions is weak. TheCICs of a gaseous species i are
calculated using the method formulated in Eq. (8),

CIClayerðiÞt ¼
Z h2

h1
i½ �h

NA

VmolarðhÞ
dh ð8Þ

whereCIClayerðiÞt represents the CIC of the species iwithin an air layer (e.g.,
the nocturnal boundary layer (NBL), the residual layer (RL), and the
boundary layer (BL)) at time t (unit: molecules cm−2). [i]h represents the
volumemixing ratio (parts per billion in volume, ppbv) of the species i at an
altitude h (unit: 10−9 mol mol−1). h1 and h2 represent the lowest and the
highest altitudes of the air layer, respectively (unit: cm). The Avogadro
constant is denoted as NA (6.02 × 1023 molecules mol−1). Vmolar (h) is the
molar volume of gas (unit: cm3mol−1) as a function of h due to the vertical
change in air temperature (unit: K) and air pressure (unit: hPa).

The gradientmeasurements of gaseous specieswere insufficient to fully
characterize the daytime boundary layer due to the limited height of the
tower. Under these conditions, the approach described above was estab-
lished based on the following assumptions: (i) The residual layer height was
estimated tobe themaximumheight of thedaytimeboundary layer fromthe
previous day (Fig. S16); (ii) The linear interpolation method was used to
estimate concentrations of gaseous species between two inlet heights; (iii)
Concentrations of gaseous species below 5mwere assigned to those at 5m;
(iv) The concentrations between the maximum measurement height
(335m) and the top of the residual layer or the top of the boundary layer can
be estimated based on our observations. This assumption was proposed
based on our observations and has been discussed in “Diurnal variations in
CICs of ozone and its precursors” section and Supplementary Information.

The change in the CIC of Ox in the daytime boundary layer can be
ascribed to threemajor sources: downward entrainment from the nocturnal
residual layer, net chemical formation, and surface emission (Fig. S17, Eq.
(9)).

ΔCICBLðOxÞt ¼ CRLðOxÞt þ CEðOxÞt þ CCFðOxÞt ð9Þ

Where ΔCICBLðOxÞt represents the change in CICBLðOxÞ at time t relative
to its mean value in nighttime. The mean value during nighttime was
calculated between 03:00 and 05:00 local time (LT, UTC+ 8), as air masses
varied minimally during this period (Fig. S18) when influenced by stable
weather conditions. CRLðOxÞt denotes the contribution of Ox from the
nocturnal residual layer,CCFðOxÞt denotes the contribution of Ox from net
chemical formation, and CEðOxÞt indicates the contribution of Ox from
surface emissions (unit: molecule cm−2).

The left term of Eq. (9) can be determined by:

ΔCICBLðOxÞt ¼
R BLHt
0 Ox½ �t;h NA

Vmolar t;h
dh

� R BLHnight

0 Ox½ �night;h NA
Vmolar night;h

dh
ð10Þ

where Ox½ �t;h signifies the mixing ratio of Ox at time t and altitude h. BLHt

and BLHnight indicate the heights of the boundary layer at time t and during
nighttime (03:00–05:00 LT), respectively.

The first term on the right in the Eq. (9)

CRLðOxÞt ¼
R RLHnight

BLHnight
Ox½ �night;h NA

Vmolar night;h
dh

� R RLHt
BLHt

Ox½ �t;h NA
Vmolar t;h

dh
ð11Þ

where RLHt and RLHnight denote the heights of the residual layer at time t
and in nighttime (03:00–05:00 LT), respectively.

The second term on the right in Eq. (9) CEðOxÞt indicates the con-
tribution of Ox from surface emissions, which is contributed by primary
NO2 emissions. This can be expressed mathematically as in Eq. (12):

CEðOxÞt ¼
R RLHt

0 NOx½ �t;h NA
Vmolar t;h

dh
h

� R RLHnight

0 NOx½ �night;h NA
Vmolar night;h

dh
i
× ER

ð12Þ

where NOx½ �t;h is themixing ratio of NOx at time t and altitude h. ER (unit:
ppbv ppbv−1) denotes the primary emission ratios of NO2 relative to NOx
from combustion sources. Apart from on-road traffic emissions, there are
no other significant NOx sources in the vicinity of the SMT site. Based on
our measurements (Fig. S1), ER is set as 10%, which aligns well with the
reported emission characteristics of on-road vehicles in the literature89,90.

The third right term in Eq. (9) CCFðOxÞt , as the chemical formation
contribution, is equal to the change in total CIC ofOx at time t compared to
nighttime and deduction of surface emissions:

CCFðOxÞt ¼
R RLHt

0 Ox½ �t;h NA
Vmolar t;h

dh
h

�R RLHnight

0 Ox½ �night;h NA
Vmolar night;h

dh
i
� CEðOxÞt

ð13Þ

The sumof the calculation results of the right terms in Eqs. (11)–(13) is
equivalent to the result on the right side of Eq. (10), thus completing the
closed loop of the calculation (Eq. 14). By utilizing Eqs. (8)–(13), we can
compute ΔCICBLðOxÞt and its contributions from three factors, namely
(CRLðOxÞt , CCFðOxÞt , and CEðOxÞt) can be calculated.

CRLðOxÞt þ CCFðOxÞt þ CEðOxÞt
¼ CICRL Oxð Þnight � CICRL Oxð Þt

n o

þ CICBLþRL Oxð Þt � CICNBLþRL Oxð Þnight
h i

� CE Oxð Þt
n o

þ CE Oxð Þt
¼ CICRL Oxð Þnight � CICNBLþRL Oxð Þnight þ CICBLþRL Oxð Þt � CICRL Oxð Þt

¼ CICBLðOxÞt � CICBLðOxÞnight
¼ ΔCICBLðOxÞt

ð14Þ

Estimation of ozone and its precursor concentrations in the
residual layer
As the boundary layer shrinks, a proportion of the primary emissions (e.g.,
NMHCs and NOx) and large amounts of secondarily-formed species (e.g.,
ozone and OVOCs) will be trapped above the boundary layer, forming the
residual layer. The concentrations of chemical species in the boundary layer
(BL) can be estimated using the gradient measurements. However, esti-
mating concentrations of these species between above the BL and the top of
the residual layer presents significant challenges due to the tower’s limited
height and the restricted air mass exchange. In this study, we proposed and
discussed three methods based on our gradient measurements to estimate
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the concentrations of NOx and VOCs in the residual layer. The results of
these three methods for toluene and acetaldehyde are displayed in Fig. S11.

Method I
As discussed in “Diurnal variations in CICs of ozone and its precursors”
section and illustrated in Fig. S17, the residual layer formed as a result of the
decrease in BL height of BL until the BL reached the same height the
following day. Consequently, concentrations of a species at a specific height
above the BL and themaximummeasurement height (335m)were deemed
equivalent to its concentration when the BL height decreased to this level.
Furthermore, concentrations of the species at a given height in the residual
layer remained constant until the BL ascended to this height the subsequent
day. In this approach, concentrations of the species in the residual layer
exhibited significant vertical gradients yet remained consistent over time.

Method II
At any givenmoment, the concentrations of a species above the BL and the
maximum measurement height (335m) were considered equivalent to its
concentration at 335m. This method presumes that concentrations of the
species within the residual layer exhibited no vertical gradients, yet they
varied over time.

Method III
During stable weather conditions, the height of the nocturnal boundary
layer typically remained below 335m. The concentrations of the species
measured at 335m could represent, to some extent, the actual state of the
residual layer. Consequently, the concentrations of a species above the BL
and the maximum measurement height (335m) at any given height and
time were considered equivalent to its average concentration measured at
335m between 00:00 and 06:00 LT. Using this method, concentrations of
the species in the residual layer exhibitedno vertical gradients and remained
constant over time.

Figure S12 shows average diurnal variations in CICs of the selected
species during the P2 period (January 12th to 15th) as estimated by the three
methods. Due to the lack of measurements, the actual concentrations of the
species in the residual layer were unknown. All three methods discussed
above presented unexpected uncertainties in estimating the CICs of the
species. Method I may have overestimated CICs of all species, as chemical
removal of species above the boundary layer is also possible, particularly
during the day. Method II may have overestimated CICs of NMHCs and
NOxwhile underestimating someOVOCs, since concentrationsofNMHCs
andNOx generally decreasedwith height in the BL.As for theOVOCs from
secondary formation, their concentrations generally increased with height
in theBL.Method III serves as a compromise compared toMethods I and II.
The diurnal changes in CICs of NOx derived fromMethod III alignedmore
closely with satellite-based remote-sensing data compared to the other two
methods91. Therefore, CICs of the species derived from Method III were
primarily used in this study.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author upon reasonable request.
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