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Text S1. Split model configuration

During the observation periods, the diurnal variations of planetary boundary
layer (PBL) at the GIG and Heshan sites are shown in Fig.S1 (a, b), which are based on
data  from the  website ~of NOAA Air Resource Laboratory
(https://ready.arl.noaa.gov/READYamet.php). The PBL height decreased significantly

at 17:00, which would decouple into nocturnal surface boundary layer (NBL) and
residual layer (RL). Besides, O3 and NOx at the ground site and 488 m site of Canton
Tower agreed well during the day (shown in Fig. 5 (a) ~ (c)), and started to show clear
distinction from 17:00, thus we define 17:00 as the sunset time. At that time, the box
was initialized by the last condition of the daytime model, and was separated into NBL
and RL boxes. As the average boundary layer height was 400 m and 1000 m in the
nighttime and daytime respectively, the heights of NBL and RL were set to 400 m and
600 m (Fig.S1 (c)). Both nighttime boxes were simulated from 17:00 to the next
morning 06:00, at which time the PBL height began to gradually increase. After 06:00,
we assumed RL and NBL layer began to mix as the NBL height linearly increased,
instantaneously mixing once per hour until 10:00, the mixing process was completed,
and two boxes were combined as a whole box. The mixed layer height was set as 1000
m in the simulation of daytime from 10:00 to 17:00.

In the nighttime at the GIG site, the trace gases of NO2 and O3, meteorological
parameters RH and T in the RL box, were constrained by the measurements from the
488 m site at Canton Tower. Several arguments justify this approach. Firstly, the trace
gases at the surface GIG site were comparable with the Canton ground site in Fig.5,
especially during the nighttime; the mean concentration deviations for NO, NO2 and O3
between the GIG and Canton ground sites were 1.96%, 6.54% and 0.65%, respectively.
In addition, given the short distance between locations, we expect the composition of
the aloft RL layer at GIG site to be closely represented by the Canton 488 m site. The
Os at the Canton 488 m site was higher than at the ground site, and relatively unaftected
by surface NO emissions, which would promote the nighttime NO3 - N2Os chemistry.
The temporal evolution of other species in the RL, such as NO and VOCs, were
unconstrained, and thus calculated by the box model.
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However, there was no measurement aloft available for the campaign at Heshan
site. Therefore, all species observed at Heshan site at 17:00 are set as the initial inputs
for the RL box to freely evolve over night. To test this setting, we performed a
simulation experiment using observations at GIG and Canton Tower sites. In analog to
the settings of Heshan site, the observations at 17:00 at the GIG site were used as the
initial inputs of RL, and allowed the initial data to freely evolve at night, without the
influence from surface emissions. As shown in Fig.S6, the simulated nighttime results
of NO2 and NOx in the RL compared well with the observation at the 488 m site of
Canton Tower, which showed good agreements. Simulated O3 and Ox were lower than
the observations at the 488 m site of Canton Tower, but were within the combined
uncertainties.

The physical loss that parameterized as a dilution process with a lifetime of 24 h
was the same as the daytime simulation in both the NBL and RL. In addition to this
loss, the dry deposition rate for HNO3 and O3 were treated as first-order loss reactions
in the model, set as 2.7 and 0.42 cm s’ in the daytime, 0.88 and 0.14 cm s in the
nighttime NBL, as the deposition rate is known to decrease after sunset (Zhang et al.,
2003;Womack et al., 2019).

Text S2 Calculation of nitrate production

The different mechanisms that increased nitrate concentrations in the simulations
included three contributions: the reaction of OH and NO2, heterogenous N20s uptake
to the ground in the NBL, and nitrate mixed to the ground from the RL in the morning.
The first two contributions were calculated by Eq. S (1) and Eq. S (2), combined with
the R1 and RS5 listed in the main text, which represented the nitrate production rate in
surface boundary layer. The OH, N2Os were based on the model results. KoHjnoz1 was

from the website of MCMv3.3.1 (https://mcm.york.ac.uk/).

Pon+no, = k[OH][NOZ][OH] [NO,] + F S(1)
1y *S
PnpL(N,0s uptake) = “ Z £ [N,0s5](2 — @) * F S(2)

The production rate of OH + NO2 in the model is the total HNO3 production rate.

The heterogenous N20s uptake production rate in the NBL is based on S (2), here F
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represents the partition ratio between HNO3 and nitrate, which is calculated by Cp/ (Cp
+ Cg), where Cp and Cg are the observed concentration of nitrate and HNOs3,
respectively.

With the convective growth of the planetary boundary layer (PBL) following
sunrise, the polluted species in RL are vertically entrained into the NBL, which changes
surface pollutant concentrations (Curci et al., 2015;Chen et al., 2020). We assume the
entrainment mixing process occurred from 6:00 to 10:00 (shown in Fig.S1 (c)), when
the height of PBL (HpsL) increased from 400 m to 1000 m, on the contrary, the height
of RL (Hrv) linearly decreased from 600 m to 0 m, the nitrate produced from NBL and
RL would participate in this process. The instantaneous mixed nitrate concentration
(Cmixed) was the sum of nitrate mixed from RL (Crr) and NBL (CnsL), and the nitrate
enhancement from the mixing process (Pmixed) was calculated by the difference of mixed

nitrate concentration and the NBL nitrate concentration (CnsL), which was described as

follows:
_ Hppi-1—HRLi Hppri-1
Cmixed,i - CRL,i X ] + CNBL,i X H ] S (3)
PBL,i PBL,
Pmixed,i = Umixed,i — CNBL,i S4)

here i and i-1 represent the current and previous time step, the changing height of
different layers represent the weight coefficient of mixed nitrate concentration in RL

and NBL. The hourly surface nitrate production was the sum of Pou+No2,

PnBL(N,05 uptakey and Pmixed, the total nitrate production in one day included the

integral production of Pon+Noz in the daytime (7:00 to 17:00), Pypi(n,0. uptakey 10 the

nighttime (from 17:00 to 6:00 in the next morning), and Pmixed from 6:00 to 10:00 in the
morning.
Text S3 Sensitivity test of isopleth diagrams from FOAM box model simulations.

In addition to the discussions about model simulation, several parameters used in
the box model might influence the simulation results, which include the concentrations
of HONO, the N20s uptake coefficient (y) and the CINO: yield (¢) (Lammel and Cape,
1996). Due to the uncertainty of HONO source and limited measurements, previous
studies used the ratio between HONO and NOx to constrain HONO, such as 0.8% in

5



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138
139

the high density traffic period in urban areas (Kurtenbach et al., 2001), 2% in the global
chemical transport model (Elshorbany et al., 2012;Tan et al., 2019). In this study, we
used the observed HONO as the base case, and ran the model in different sensitivity
scenarios: with 0.8% of NOx, with 2% of NOx and with 2% of NO2 as HONO
concentrations (Fig. S8). Despite the different concentrations of HONO used in the
simulation, they all showed similar variation patterns for ozone and nitrate, indicating
little influence of the HONO concentration parameterization on the simulation results.
The y and ¢ changed widely between laboratory and field studies (Mozurkewich and
Calvert, 1988;Riedel et al., 2014;Wang et al., 2017;Yun et al., 2018;McDuffie et al.,
2018). The parameterized y and ¢ by updated empirical method by Yu et al. (2020) was
applied in the base model. As we only chose the median value of ¢ as the input
parameter; thus, different values of ¢ were selected to perform sensitivity simulation
(Fig. S9). Compared with the base case, the sensitivity of nitrate did not change with
different values of ¢, and the peak values of nitrate showed little difference. Overall,
varying HONO and the CINO:z2 yield would not be expected to change the sensitivity

region of ozone and nitrate.



140  Table S1. Measured chemical species and the analytical methods, time resolution,

141 limit of detection and the accuracy of the instruments used for different measured

142 species.

time limit of
chemical species methods accuracy
resolution detection
0.65% ~
NMHC GC-FID-MS lh 10 ~ 84 ppt
9.14%
Formaldehyde PTR-TOF-MS 1 min 20 ppt 11.8%
Acetaldehyde PTR-TOF-MS 1 min 33 ppt 12.5%
HNOs3 TOF-CIMS 1 min <10 ppt +20%
N20s TOF-CIMS 1 min <10 ppt +25%
CINO2 TOF-CIMS 1 min <10 ppt +25%
NH3 CRDS 1 min 1.0 ppb +35%
NH;3 GAC 30 mins 0.08 ppb B
HONO LOPAP 1 min 6.0 ppt +20%
HONO GAC 30 mins 0.1 ppb B
O3 UV absorption 1 min 0.5 ppb + 10%
NO/NO2/NOx  Chemiluminescence 1 min 0.4 ppb +10%
CO Infrared absorption 1 min 0.04 ppm + 10%
NOs", SO4%, 0.005~0.024
TOF-AMS 300 s +20%
NH4* pg m
Sa APS, SMPS 300s — + 10%
Photolysis
Spectrometer 10s — + 10%
frequencies

143



144  Table S2. The mean volumetric concentrations of VOCs detected at the GIG and Heshan sites (Units: ppb)

Site GIG Heshan GIG Heshan
Species Average + SD Species Average + SD
Ethane 3.71£1.24 3.18+0.71 n-Heptane 0.11+0.15 0.24+0.23
Ethene 1.78+1.05 1.77+0.98 2-Methylheptane 0.02+0.02 0.13+0.2
Propane 6.88+5.1 4.22+1.85 3-Methylheptane 0.02+0.02 0.14+0.21
Propene 0.4+0.41 0.28+0.18 Toluene 2.02+1.9 3.44+1.65
1-Butane 1.76£1.32 1.64+0.8 n-Octane 0.05+0.05 0.25+0.18
n-Butane 3.15+£2.46 3.17+1.67 Ethylbenzene 0.32+0.32 1.04+0.65
Acetylene 1.93+0.74 2.25+0.78 m/p-Xylene 0.91+0.87 4.01+£2.22
trans-2-Butene 0.03+0.03 0+0.01 Nonane 0.04+0.03 0.24+0.07
1-Butene 0.08+0.05 0.05+0.04 o0-Xylene 0.33+0.33 1.38+0.88
cis-2-Butene 0.02+0.02 _ Styrene 0.13+0.22 0.44+0.57
i-Pentane 1.33£1.06 2.38+2.6 Isopropylbenzene 0.01+0.01 0.1£0.1
n-Pentane 0.76+0.68 2.374£3.65 n-Propylbenzene 0.01+0.01 0.11+£0.06
1-Pentene 0.03+0.02 0.01+0.01 m-Ethyltoluene 0.03+0.03 0.14+0.06
trans-2-Pentene 0.01+0.02 0+0.01 p-Ethyltoluene 0.02+0.02 0.15+0.07
Isoprene 0.14+0.15 0.14+0.19 n-Decane 0.02+0.02 0.06+0.02
cis-2-Pentene 0.01+0.01 0+0.01 1,3,5-Trimethylbenzene 0.02+0.02 0.13+0.04
2,2-Dimethylbutane 0.04+0.03 0.04+0.02 o-Ethyltoluene 0.02+0.01 0.1+0.03
2,3-Dimethylbutane 0.06+0.05 0.53+0.31 1,2,4-Trimethylbenzene 0.06+0.07 0.1+0.05
1-Hexene 0.02+0.01 0.02+0.06 1,2,3-Trimethylbenzene 0.02+0.01 0.06+0.02
n-Hexane 0.58+0.83 0.41+£0.27 n-Undecane 0.01+0.01 _
2-Methylhexane 0.11+0.14 0.31+0.24 n-Dodecane 0.06+0.04 _
3-Methylhexane 0.13+0.18 0.32+0.25 Formaldehyde 2.53+£1.62 2.42+1.2
Benzene 0.46+0.17 0.58+0.2 Acetaldehyde 1.95+1.2 3.14+1.64

145



146 Table S3. The concentrations of chemical components (average + standard deviation)

147  and meteorological parameters during the investigated periods at the GIG and Heshan

148 sites
149
Site GIG Heshan
PMi (ug m) 41.7423.1  40.6 £15.5
Organic (ug m>) 16.9+9.0 21.6+£9.0
SO4* (ug m) 10.1£4.6 6.9+1.8
NOs™ (ug m™) 6.145.8 39+3.0
NH4" (ug m) 5.0£3.0 35+1.5
CI' (ug m) 0.6+0.54 0.8+1.3
BC (ug m™) 3.241.1 40+1.6
WS (m/s) 1.9+0.9 1.6+0.7
RH (%) 76.2+14.9 59.5+14.3
T(°C) 23.0+2.6 23.2+3.2
150

151
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Table S4. Model performance for nitrate at GIG and Heshan sites

Site Species Observed  Modeled MB?* RMSE® IOA¢ ¢
Nitrate

GIG 3 6.2 7.4 1.2 4.9 0.84 0.77
(ugm )
Nitrate

Heshan 3 39 391 0.12 1.4 0.71  0.59
(ugm )

% mean bias (MB), here we define the Obsi and Modi as the observed and modeled

values at time i, respectively, and N represents the number of observations.
_ Z(MOdl - ObSl‘)
B N

: root mean square error (RMSE);

MB

b

N
1
RMSE = N(Z(Modi — 0bs)?)
i=1

. index of agreement (IOA), Obsaver and Modaver represent the average

concentration of observation and model, respectively.

§V=1(0b5'i - MOdi)Z

ICA=1—
Iiv=1(|0bsi - Obsaverl + |M0di - IVIOdaverD2

d: the Pearson’s correlation (r)

10
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Table S5.

OH radical production reactions included in the model simulation

Source Reactions
HONO photolysis
Primary Source O'D +H:0
H202 photolysis
VOCs + O3

ROx propagation cycle HO: + NO

11
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Figure S1. Diurnal variations of mean Planetary Boundary Layer (PBL) heights at (a)
GIG site and (b) Heshan site, which were obtained from the NOAA Air Resource

Laboratory website (https://ready.arl.noaa.gov/READYamet.php); (c) Schematic of

PBL evolution and chemistry in the box model.
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186  Figure S4. Diurnal variation of mean concentrations of (a) PMzs, (b) RH and (¢) T at
187  GIG, ground site and 488m site of Canton Tower. The orange lines represent the
188  measurements at GIG site, and the blue and black lines represent the measurements at
189 488 m and ground site of Canton Tower, respectively. The orange and blue error bars
190  represent the standard deviations of the mean concentrations at GIG site and 488m site
191  of Canton Tower, and the grey areas show one standard deviation of the mean

192  concentration at ground site of Canton Tower.

15



(a) GIG (b) Heshan

24— - .6 -
1Y=0.95X-0.02 11 i 06 Y=1.09X-0.03 1:1
e r=0.99 . r=0.94
£
3 0.4 B
5 1 -
i, 0.2 -
I
Z
0 - i T T T T T T T T T T a 0.0 T T T 1 3
0 1 2 0.0 0.2 0.4 0.6

193 2°[SO*1+[NO; ] (umol m”)

194  Figure S5. Scatter plot of [NH4"] molar concentration versus 2*[SO4>"] + [NO37] at the

195  (a) GIG site and (b) Heshan site.

196
197

16



198

199

200

201

202

203
204

Observation at GIG
—— QObservation at 488 m of Canton Tower
— Modeled results by freely evolve at GIG

| I T | 1 | TR . | 1

80 - e - NP
] (a) NO, [ 1007 (b) NO, |
— 60 - 801 i
0 i L 0 7 B
2 404 | & 607 [
S 1 - X 40 - -
Z 204 L 8 . :
0 - — 111 B
_ | I | 1 1 - _l T 1 1 o
N [ [ 120 T(g) 0,

80 - _ 1oo-| -
) ) i —_ 80—- _
g o0 - | -
- 40 4 [ a 60-_‘ 5
S 20 [ & a0dll]] -
. | 20 B
0. i ] [
l Ll L) l L] L] I T L] l L] L) o-l L] Ll I Ll L I L Ll 'I Ll Ll -

18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00

Hour Hour

Figure S6. Time series of the simulated trace gases (NO2, NOx, O3 and Ox) in the RL,
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simulation and all chemical species were freely evolved in the box model. The
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