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Section 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 LT, thus we define 17:00 LT 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 06:00
LT the following morning, at which time the PBL height began to gradually increase.
After 06:00 LT, we assumed RL and NBL layer began to mix as the NBL height linearly
increased, instantaneously mixing once per hour until 10:00 LT, 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 LT.

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, NO2z and Os
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
O3 at the Canton 488 m site was higher than at the ground site, and relatively unaffected
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.

3


https://ready.arl.noaa.gov/READYamet.php

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

However, there was no measurement aloft available for the campaign at Heshan
site. Therefore, all species observed at Heshan site at 17:00 LT 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 LT 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.S11, 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 Oz and Ox were lower
than the observations at the 488 m site of Canton Tower, but were within the combined
uncertainties. In addition, the simulated nitrate and nitrate production rate from N20s
uptake with the observation at the GIG site and 488 m Canton Tower site as initial input
were also compared in Fig.S11(e ~ f), showing good agreement. Thus, we adopted this
simulation method to perform the simulations at the Heshan site.

The physical loss that parameterized as a first order dilution process was the same
as the daytime simulation in both the NBL and RL. We did the sensitivity tests
combined with the unconstrained OVOCs species (MVK+MACR), O3, HNOs and
nitrate at the GIG and Heshan site, as shown in Fig.S2 and Fig.S3. A dilution rate of 24
h™ for all species was determined at the GIG site, due to the good consistency between
the simulation and observation for the chosen species. Comparing with the diurnal
average observation, the simulated diurnal data had relative minor deviation with the
observation by dilution constant of 8 h™l. The average variations were -19% for MVK
+ MACR, -10% for Os, 25% for HNOgs, and 12% for nitrate with the dilution constant
of 8 h'! at the Heshan site. Thus, the dilution constant of 24 h™* and 8 h™* were used at
the GIG and Heshan site, respectively.

In addition to this dilution loss, the dry deposition rate for HNO3s and Os were
treated as first-order loss reactions in the model, set as 2.7 and 0.42 cm st 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).
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Section S2 Thermodynamic ISORROPIAII model description

The presence of HNO3s and NHs are conductive to form ammonium nitrate, which
influenced by the aerosol pH and partitioning process of nitrate (Guo et al., 2018;Nenes
et al., 2020). Thus, the thermodynamic ISORROPIA Il model (Fountoukis and Nenes,
2007) was used to evaluate the NHs and sulfate impacts on the gas-particle partitioning
process of nitrate. The model is run in the “forward” and “metastable” mode, which is
used to calculate the gas-particle equilibrium concentrations. The model is based on the
available input of total gas and particulate measured matter (HNOs + nitrate, NH3 +
ammonium, sulfate, and chloride), T and RH. The low concentration of nonvolatile
cations (such as sodium, calcium, potassium, magnesium) in the PRD region is assumed
to have minor impact on the thermodynamic equilibrium in PM1 (Franchin et al.,
2018;Guo et al., 2018).
Section S3 Calculation of nitrate production

The different mechanisms that increased nitrate concentrations in the simulations

included three contributions: the reaction of OH and NO3, 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 Eqg. S (1) and Eqg. S (2), combined with
the R1 and R5 listed in the main text, which represented the nitrate production rate in
surface boundary layer. The OH, N20Os were based on the model results. kioxjnoz was

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

Ponino, = Kiomno, [OH][NO,] * F S(1)
1xy*S
PnpL(N,05 uptake) = # [N,Os5](2 — @) x F S(2)

The production rate of OH + NO2 in the model is the total HNO3 production rate.
The nitrate production rate from N20s uptake in the NBL is based on S (2), here F
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
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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 O m, the nitrate produced from NBL and
RL would participate in this process. The instantaneous mixed nitrate concentration
(Crmixed) was the sum of nitrate mixed from RL (CrL) 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:

_ HRpi-1—HRL; Hppri-1

Crixedai = Crri X ——— =+ Cypri X ——— S(3)
Hppyi Hppyri

Pmixed,i = Umixed,i — CNBL,L' S (4)

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 Pon+noz,

PNBL(N,05 uptakey @Nd Pmixed, the total nitrate production in one day included the

integral production of Pon+noz in the daytime (7:00 to 17:00 LT), Pygr(n,0s uptake)

in the nighttime (from 17:00 to 6:00 LT the following morning), and Pmixed from 6:00
to 10:00 LT in the morning.
Section S4 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 CINOz 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
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. S13). Despite the different concentrations of HONO used in the
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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. Here we chose the median value of y (0.018) and ¢ (0.18) as
the base input parameters; thus, different values of y and ¢ were selected to perform
sensitivity simulation (Fig. S14). Compared with the base case, the sensitivity of nitrate
did not change with different values of y and ¢ although the peak values of nitrate
showed little differences with the changing of y and ¢. Overall, varying HONO, the
N20s uptake coefficient, and the CINO: yield would not be expected to change the

sensitivity region of ozone and nitrate.



164  Table S1. Measured chemical species and the analytical methods, time resolution, limit of
165  detection, the accuracy of the instruments used for different measured species, and sampling
166  period at the GIG site.
167
chemical methods time limit of accurac sampling period
species resolution  detection y Plng p
0.65% ~
NMHC GC-FID-MS 1h 10 ~ 84 ppt 9.14% 2018.09.14~2018.11.19
Formaldehyde PTR-TOF-MS 1 min 20 ppt 11.80% 2018.09.12~2018.11.19
Acetaldehyde PTR-TOF-MS 1 min 33 ppt 12.50% 2018.09.12~2018.11.19
MVK+MACR PTR-TOF-MS 1min 8 ppt 5.8%  2018.09.12~2018.11.19
HNO3 TOF-CIMS 1 min <10 ppt +20% 2018.10.07~2018.11.19
N20s TOF-CIMS 1 min <10 ppt +25% 2018.10.07~2018.11.19
CINO:2 TOF-CIMS 1 min <10 ppt +25% 2018.10.07~2018.11.19
NHs CRDS 1 min 1.0 ppb +35%  2018.09.30~2018.10.29
HONO LOPAP 1 min 6.0 ppt +20% 2018.09.28~2018.11.19
Os UV absorption 1 min 0.5 ppb +10% 2018.09.11~2018.11.20
NO/NO2/NOx  Chemiluminescence 1 min 0.4 ppb +10% 2018.09.11~2018.11.20
CO Infrared absorption 1 min 0.04 ppm +10% 2018.09.11~2018.11.20
- 2. -
NOs’ S?A ’ TOF-AMS 300s 0.005 0j824 +20% 2018.09.29~2018.11.20
NHa4 pug m
APS (500 nm to 20
Sa pm), SMPS (10 to 300s — +10% 2018.09.29~2018.11.20
650 nm)
Photolysis Spectrometer 10s — +10%  2018.09.18~2018.11.19

frequencies
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Table S2. Measured chemical species and the analytical methods, time resolution, limit of detection, the accuracy of the instruments used

for different measured species, and sampling period at the Canton Tower site.

Location chemical methods time limit of accurac sampling period
species resolution detection y plng p
Os UV absorption 1 min 05ppb  +10% 2018.09.20~2018.11.20
Ground
sittand  NO/NO2/NOx  Chemiluminescence 1 min  0.4ppb  +£10%  2018.09.20~2018.11.20
488 m
site .
CO Infrared absorption 1 min gp0m4 +10% 2018.09.20~2018.11.20




173 Table S3. Measured chemical species and the analytical methods, time resolution, limit of
174  detection, the accuracy of the instruments used for different measured species, and sampling
175  period at the Heshan site.
chemical methods time limit of accurac sampling period
species resolution  detection y plng p
NMHC GC-FID-MS 1h O'Olp;bOAl _ 2019.09.25~2019.11.16
Formaldehyde PTR-TOF-MS 1 min 29 ppt 15.6%  2019.10.16~2019.11.16
Acetaldehyde PTR-TOF-MS 1 min 18 ppt 42%  2019.10.16~2019.11.16
MVK+MACR PTR-TOF-MS 1min 7.3 ppt 5% 2019.10.16~2019.11.16
HNOs3 TOF-CIMS 1 min < 10 ppt +20% 2019.10.01~2019.11.16
N20s TOF-CIMS 1 min < 10 ppt +25%  2019.10.01~2019.11.16
CINO2 TOF-CIMS 1 min < 10 ppt +25%  2019.10.01~2019.11.16
NH3 GAC 30 mins 0.08 ppb _ 2019.09.25~2019.11.16
HONO GAC 30 mins 0.1 ppb _ 2019.09.25~2019.11.16
Os UV absorption 1 min 0.5 ppb +10% 2019.09.25~2019.11.16
NO/NO2/NOx Chemiluminescence 1 min 0.4 ppb +10% 2019.09.25~2019.11.16
CO Infrared absorption 1 min 0.04 ppm +10% 2019.09.25~2019.11.16
- 2- ~
NOs. 894 ’ TOF-AMS 300 s 0.005 0:224 +20% 2019.10.02~2019.11.16
NH4 pg m
APS (500 nm to 20
Sa pm), SMPS (10 to 300s — +10% 2019.10.02~2019.11.16
650 nm)
Photolysis
Spectrometer 10s — +10% 2019.09.28~2019.11.16

frequencies

176
177
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178  Table S4. 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+.24 3.1840.71 n-Heptane 0.1140.15 0.2440.23
Ethene 1.78+1.05 1.7740.98 2-Methylheptane 0.0240.02 0.13#.2
Propane 6.8845.1 4.2241.85 3-Methylheptane 0.0240.02 0.1440.21
Propene 0.440.41 0.2840.18 Toluene 2.02+.9 3.44+1.65
i-Butane 1.76+1.32 1.6440.8 n-Octane 0.05#0.05 0.2540.18
n-Butane 3.1542.46 3.17#H.67 Ethylbenzene 0.3240.32 1.0440.65
Acetylene 1.934.74 2.2514.78 m/p-Xylene 0.9140.87 4.0142.22
trans-2-Butene 0.0340.03 0+40.01 Nonane 0.0440.03 0.2440.07
1-Butene 0.0840.05 0.0540.04 0-Xylene 0.3340.33 1.3840.88
cis-2-Butene 0.0240.02 _ Styrene 0.1340.22 0.4440.57
i-Pentane 1.3341.06 2.3842.6 Isopropylbenzene 0.0140.01 0.140.1
n-Pentane 0.7610.68 2.37143.65 n-Propylbenzene 0.0140.01 0.1140.06
1-Pentene 0.0340.02 0.0140.01 m-Ethyltoluene 0.0340.03 0.1440.06
trans-2-Pentene 0.0140.02 040.01 p-Ethyltoluene 0.0240.02 0.1540.07
Isoprene 0.1440.15 0.1440.19 n-Decane 0.0240.02 0.0640.02
cis-2-Pentene 0.0140.01 0+40.01 1,3,5-Trimethylbenzene 0.0240.02 0.1340.04
2,2-Dimethylbutane 0.0440.03 0.0440.02 o-Ethyltoluene 0.0240.01 0.140.03
2,3-Dimethylbutane 0.0640.05 0.5340.31 1,2,4-Trimethylbenzene 0.0640.07 0.140.05
1-Hexene 0.0240.01 0.0240.06 1,2,3-Trimethylbenzene 0.0240.01 0.0640.02
n-Hexane 0.5840.83 0.4140.27 n-Undecane 0.0140.01 _
2-Methylhexane 0.1140.14 0.3140.24 n-Dodecane 0.0640.04 _
3-Methylhexane 0.1340.18 0.3240.25 Formaldehyde 2.53+1.62 2.4241.2
Benzene 0.4640.17 0.5840.2 Acetaldehyde 1.954.2 3.14+1.64
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180  Table S5 Box model scenarios performed at the GIG and Heshan site

Site Scenarios Description about simulation Other information
set lifetime as 24 h, without =~ NBL: with observation at
base case (S0) . )
N20s constrained the GIG site;
GIG RL: with Observation at
set lifetime as 24 h, with the 488m site of Canton
S1 )
N20s5 constrained Tower
b 30 set lifetime as 8 h, without
ase case (S0) N20Os constrained NBL: with observation at
the Heshan site;
Heshan ) .
¢ lifeti % h. with NaO RL: with observation at the
S1 setiietime as ¢ 1, W 25 Heshan site freely evolved

constrained
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Table S6. The concentrations of chemical components (average + standard deviation)

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

sites

Site GIG Heshan
PM1 (ug m™) 41.723.1 40.6 #15.5
Organic (ug m) 16.949.0 21.6 £9.0
S04 (ug m™) 10.144.6 6.9+1.8
NOs™ (ug m™) 6.145.8 3.9+30
NHa* (ug m) 5.043.0 35+15
Cl (ug m) 0.620.54 0.8+1.3
BC (ug m?) 3.241.1 4016

WS (m/s) 1.940.9 1.640.7
RH (%) 76.2+14.9 59.5+14.3
T(<T) 23.022.6 23.2143.2
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Table S7. Box Model performance for nitrate at the GIG and Heshan site

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 4.4 0.5 33 0.71 0.59
(ugm )

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

values at time 1, respectively, and N represents the number of observations.
_ Z(MOdl - Obsi)
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.

1L1(0bs; — Mod,)?

[OA=1—
£V=1(|0bsi - Obsaverl + |M0di - MOdaverDz

d: the Pearson’s correlation (r)
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Table S8.

OH radical production reactions included in the model simulation

Source Reactions
HONO photolysis
Primary Source O'D + 120
H202 photolysis
VOCs + O3

ROx propagation cycle HO2 + NO

15
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208  PBL evolution and chemistry in the box model.
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237 with N20Os constrained (S1).
238
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Figure S6. Comparison of the box model simulated and observed N20s and CINO2

concentrations at (a, b) GIG site and (c, d) Heshan site.
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261  Figure S10. Comparison of daily-averaged box model simulated and observed nitrate
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Figure S11. Time series of the simulated trace gases ((a) NO2, (b) NOx, (¢) O3 and (d)
Ox) in the RL, when the observations at 17:00 LT at GIG were setting as the initial
inputs of the RL simulation and all chemical species were freely evolved in the box
model. (e) the simulated nitrate and (f) nitrate production rate from N2Os uptake with
the observation data at the GIG (black line) and 488m Canton Tower (blue line) as the
initial inputs in the RL. The observations at GIG and 488m site of Canton Tower are
also shown for comparison. The error bars represent the standard deviation of the

observations.
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276 Figure S12. Comparison of the daily-averaged simulated nitrate concentration and
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278 Heshan site. The error bars represent the standard deviation of the average data.
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