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Fig. S1 Overview of measurements during the campaign. Time series of (a) temperature
(Temp) and the photolysis frequency of Oz (JO'D); (b) O3 and NO, (NO + NO,); (c)
total aromatics (benzene + toluene + Cg aromatics + Cg aromatics + C10 aromatics +
styrene), isoprene, and OAs; and (d) mass spectra of the nitrate CI-APi-TOF with m/z
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in the range of 203—404 Th.

S2 binPMF analysis

S2.1 binPMF inputs
Data matrix

As described in Zhang et al.!, we divided the mass spectra measured by nitrate CI-APi-
TOF into small bins of 0.006 Th width and performed the baseline subtraction and mass
axis calibration. Figure S2 shows the averaged binned spectrum with marked deleted
bins that nitrated phenol and some fluorinated contaminations (Table S1) that are not
our main focus. Besides, we selected the mass bins in the range of 203-404 Th with an
appropriate signal-to-noise ratio (SNR > 0.9) as data matrix for binPMF input,
neglecting quite weak signals to reduce unnecessary computation.

Table S1. Peak list of deleted bins
Mass-to-charge

(Th) Formulas
201.0153 CsHsNO3(NO;)
215.0310 C7/H/NO3(NOy)
223.8617 ICI(NOy)
229.0466 CgHy NO3 (NOy)
246.0004 CgH,N,Os¢
250.8807 IONO,(NOy)
264.0110 C¢HsNO;3;(HNOsNOy")
7 I deleted bins

o 10 I selected bins
£
[&]
T 10°
S
©
£ 10°
L))
2
8 10 ‘

10°

200 250 300 350 400
m/z (Th)

Fig. S2 The averaged binned spectrum. The delete bins (gray) listed in Table S1, other
bins (red) with unit m/z in the range of 203-404 Th were adopted as data matrix for
PMF inputs.

Error matrix

The error matrix was calculated by Eq. (1)?
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Sij =04t Tpoise (1)

where S;; 1s estimated the measurement uncertainty of m/z j at time i, o;; represents the
analytical uncertainty from counting statistics and o5 1 the standard deviation of
instrument noise. oy is estimated as follows:

. X
! VE @)

where I is the signal intensity term, in unit of ions per second; t stands for length of
averaging in seconds, and a is an empirical coefficient to compensate for unaccounted
uncertainties> 4 and is 1.28 in this study as previously estimated from laboratory
experiments*. The ¢ term was estimated as the median of the standard deviations from
signals in the bins in the region between nominal masses, where no physically
meaningful signals are expected.

S2.2 Diagnostics

It is the most critical to select a proper number of factors towards interpreting the PMF
results. The Q/Qey, value is one of the main mathematical diagnoses to PMF results*S.
For our PMF result, when the number of factor solution exceeds 8, the rate of decline
in Q/Qeyp value slowed down (Fig. S3(a)). The unexplained fraction decreased from
20% to 10% from 1- to 8-factor solution and then decreased slowly in subsequent
solutions (Fig. S3(b)). Based on the mathematical diagnostics, we should select an
appropriate solution from 9-20 factors. The evolution of PMF solutions should been
noticed carefully, since solutions with more factors can interpret subtler processes, but
too many factors will split a significant factor into unrealistic ones. The main factors
with first occurrences are marked in the corresponding solutions (Fig. S3 (a)). As we
can see, the O;-related-1 factor is separated first in the 3-factor solution, while the Os;-
related-II factor first appear purely in the 12-factor solution and the MT-mixed-OOM
factor is separated first in the 13-factor solution. For more than 14-factor solutions, this
is more difficult to interpret because they do not provide new physically meaningful
factor and will make the main factor split and uncorrelated with external tracers.

We used the rotational ambiguity with setting the fpeak to increase from -1.0 to 1.0
with a difference of 0.2 to check the 13-factor solution (Fig. S3(c)). All solutions are
divided into two type solutions, one containing 12 + ‘MT-mixed-OOM’ factors and the
other containing 12 + ‘NP-mixed’ factors. The ‘MT-mixed-OOM’ factor contains
potential monoterpene-derived OOMs mixing other anthropogenic OOMs. The ‘NP-
mixed’ factor consists of mainly by nitrated phenol which are not our main concern.
Finally, the solution with a fpeak value of -0.2 is selected to analysis data. It is currently
difficult to prove that the PMF solution we chose is optimal, but it is certain that this

solution separates enough information for understanding OOMs.

Meanwhile, it is should be point out that when naming these factors, we prioritize the

description of dominated species or their precursors, but if the precursors are complex



93 mixtures, our naming highlights the characteristics of the chemical processes that

94 drive certain factors.

m  Explained

Unexplained

=
o =
Z 5 _
o3 Z z
— =5
(@ 4+ E'E'E 0252
800 == 2O
1 omg.E OI - O @
< S &g Ix.x
5 < Sx 0EE
g 24 <22d5d
@]
1ﬁ
O_IIIIIIIIIIIIIIIIIII
= = e K e = B B E 2
nb. of factors
(b) 100 -
80
<
= 60
k=)
g 40
L
20 —
0_IIIIIIrIIIIIIIIIIII
— ™ Te} ~ = ® v~ o
nb. of factors
() 1.0- I
0.8 —
© 0.6
[y
©
I l I
X 0.4
0.2 -
0.0 -
- © © ¥ N O & % © ©
Qe @ Q < © ©o o o
fpeak value

95

F-contamination |
MT-mixed-OOM
NP-III

Oj-related |
Arom-OOM
Aliph-OOM |
Os-related I
Mixed-OOM
Aliph-OOM |l

NP |

NP IV

NP I
F-contamination Il
NP-mixed




96

97

98

99
100
101
102
103
104
105
106
107
108
109

110
111

112
113
114
115
116

Fig. S3 The diagnostics of PMF solution. (a)Q/Q.xp, (b) the explained and unexplained
fraction in PMF results, (c) the relative contribution ratio of factors in each solution
with different values ([-1,1]) of fpeak.

The residual histograms are a simple and fast method for checking whether the PMF
result contains several systematic under- or overestimation. As showed in Fig. S4, the
variables of residual appear some compounds with high signal, but we found the most
of them are the nitrated phenols like CcH;CINOs (m/z = 203.9705 Th), CsHsNO,
(NO3) (m/z = 217.102 Th), C;H,NOs (NO;) (m/z =231.0259Th) and
CsH4CINO3(NO3) (m/z =234.9763Th), etc. It is over-split for other physically
significant factors if we separate out these compounds. Therefore, it is appropriate to
choose the 14-factor solution since the factors about nitrated phenols are not our main
concern.
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Fig. S4 (a) Mass spectra and (b) time series plots showing the residual histograms of
the 13-factor solution.

S2.3 The binPMF result

In summary, we selected 13-factor solution to analysis our dataset.
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118 Fig. S5. The binPMF analysis with 13-factor solution. (a) the mass profile, (b) the
119 diurnal pattern.
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Fig. S6 The binPMF result. (a) the time series, (b) the contribution of each factor to the
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Fig. S7 Comparison among the factors through (a) Pearson correlation and (b)
Uncentered Pearson correlation. The x-axis shows the correlation of the time series
between the factors, and the y-axis shows the correlation of the spectra between the
factors.

S3 Calculation of molecular properties of OOMs

Carbon oxidation state (OS,)

The OS. of each non-nitro OOM was calculated based on Eq. (3) modified from that
in Kroll et al.” include organic nitrate contributions:

Where n¢, ny, no, and ny denote the number of carbons, hydrogen, oxygen, and nitrogen
in the molecule, respectively.

Double bond equivalent (DBE)

The DBE of each OOM was calculated using Eq. (4), by assuming that all nitrogen
come from the nitrate group (-ONQO,) or nitro group (-NO,). Here DBE represents the

combined effect of double or triple bonds, as well as the ring structure, in the molecule.

Volatility Basis Set (VBS)



152
153
154

155
156

157
158
159
160
161
162
163

164
165
166
167
168

169
170

171
172
173
174
175
176

177
178

179

180
181
182
183
184
185
186
187

The saturation concentration (volatility) of selected OOMs was estimated based on the
group-contribution method proposed by Donahue et al.®:

(ng - 2ny) X n¢

log,,C " (300K) = (25 -n,) x b - (n, - 2ny) x b, -2
(5)

Where be =0.475, bo =2.3, bco =-0.3. The effect of nitrate group (-ONO,) on volatility
is similar to hydroxyl group (-OH).

X bco

The temperature dependence of volatilities is described by Eq. (6), according to
Stolzenburg et al.”:

AHvap 1 1
G~ 7

910C i (1) =10g19C s GOV + 22755y Goo 7 (6)

The evaporation enthalpy (AH,4,) can be linked to the saturation mass concentration at
300 K, log;o C*(300K), according to Donahue et al.® and combined with Epstein at al.!°:

AH,,[k] mol™ "] = 129 - 5.7-log,,(C " (300K)) 7

n
Effective Oxygen Number ( Ocsf )

The effective oxygen number which represents effective oxidation was calculated by
Eq. (8), by assuming that all nitrogen of non-nitro OOM come from the nitrate group
(-ONOz)Z

nOBff =ny-2Xny ®)

S4 Main peaks of 7 discussed non-nitrated-phenols factors

S4.1 Arom-OOM factor

Table S2. Molecular characteristics of the Arom-OOM factor. Presented as several sets
of compounds, and the members of each set differ in the addition of a -CH, moiety.
Only the signals that account for more than one thousandth of the factor are selected to
reduce uncertainties. The clustering reagent ion NO;~ or HNO;NO;™ has been omitted

from the formulas.
Contribution to
No. Formulas the factor (%) DBE no nN
1 CHysO¢N, x=[6, 12] 15.0 3 6 1

CiHx 306N, x=[6, 12] 8.8
CiH2O7N,, x=[4, 14] 5.5 0 7 2



4 CiHy sO7N, x=[7, 11] 3.9 3 7 1
5 CiHy 105N, x=[4, 14] 3.9 1 5 1
6 CxHyx 105N, x=[4, 13] 34 0 5 1
7 CiHyx 106N, x=[4, 12] 3.1 1 6 1
8 CxHxsOgN, x=[7, 11] 2.5 3 8 1
9 CiHy 307N, x=[6, 10] 2.2 2 7 1
10 CyHy305N, x=1[7, 13] 1.9 2 5 1

188

189 S4.2 Aliph-OOM-I factor

190

191 Table S3. Molecular characteristics of the Aliph-OOM 1 factor. Presented as several
192 sets of compounds, and the members of each set differ in the addition of a -CH, moiety.
193 Only the signals that account for more than one thousandth of the factor are selected to
194 reduce uncertainties. The clustering reagent ion NO5;- or HNO3;NOj5™ has been omitted
195 from the formulas.

196
No. Formulas gl(;ng;;?g;lg);:)) to DBE no nN
1 CiHy 306N, x=[5, 13] 12.6 2 6 1
2 CiHO7N,, x=[4, 14] 9.9 0 7 2
3 CiHyx 105N, x=[4, 14] 6.8 1 5 1
4 CiHy 20Ny, x=[5, 13] 5.0 1 8 2
5 CiHox 106N, x=[5, 12] 3.8 1 6 1
6 CiHox 404, x=[6, 11] 2.8 3 4 0
7 CiHyx 207N, x=[6, 14] 2.1 1 7 2
8 CiHyxsO6N, x=[6, 12] 2.1 3 6 1
9 CiHyx 204, x=[6, 10] 2.1 2 4 0
10 CiHy 307N, x=[6, 12] 1.7 2 7 1

197

198 S4.3 Aliph-OOM-II factor

199

200 Table S4. Molecular characteristics of the Aliph-OOM II factor. Presented as several
201 sets of compounds, and the members of each set differ in the addition of a -CH, moiety.
202 Only the signals that account for more than one thousandth of the factor are selected to
203 reduce uncertainties. The clustering reagent ion NO3;~ or HNO3;NO;™ has been omitted
204 from the formulas.

205

Contribution to
No. Formulas the factor (%) DBE no nN

1 CHyOsNp, x=[4,13] 253
2 CHy OsN,x=[4,10] 6.7
3 CHouOgNy x=[5,13] 6.2
4 CHyusON,x=[5,10] 5.0

N = = O
AN 0 N
—_ N = DN



5 CxHy 207Ny, x=[5, 13] 4.3 1 7 2
6 CyHpx.1OgN3, x=[5, 11] 2.0 0 9 3
7 CxHpx4OgNy, x=[7, 12] 1.9 2 8 2
8 CiHp.1O1oN;, x=1[5,10] 1.2 0 10 3
9 CiHyx4+105N, x= [4, 8] 1.2 0 5 1
10 CyHyy1OgN, x=[5, 9] 1.2 1 6 1

206

207 S4.4 Os-related-I factor

208

209 Table S5. Molecular characteristics of the Os-related I factor. Presented as several sets
210 of compounds, and the members of each set differ in the addition of a -CH, moiety.
211 Only the signals that account for more than one thousandth of the factor are selected to
212 reduce uncertainties. The clustering reagent ion NO5;~ or HNO;NO;™ has been omitted
213 from the formulas.

214
No. Formulas tchznft;izgfgz) to DBE no nN
1 CiHox 306N, x=[4, 12] 12.1 2 6 1
2 CiHox 1OgN, x=[4, 11] 7.2 1 6 1
3 CiHox 305N, x=[4, 11] 6.0 2 7 1
4 CiHyx 208Ny, x=[4, 13] 5.9 1 8 2
5 CiHy,sO7N, x=[6, 11] 33 3 7 1
6 CiHy,sOgN, x=[7, 11] 3.1 3 8 1
7 CiHy,.sO6N, x=[6, 10] 2.7 3 6 1
8 CiHyOsN,, x=[4, 11] 2.5 0 8 2
9 CiHyx 209Ny, x=[4, 11] 2.0 1 9 2
10 CiHyx4OgNy, x=[6, 13] 1.9 2 8 2

215

216 S4.5 Os-related-II factor

217

218 Table S6. Molecular characteristics of the Os-related II factor. Presented as several sets
219 of compounds, and the members of each set differ in the addition of a -CH, moiety.
220 Only the signals that account for more than one thousandth of the factor are selected to
221 reduce uncertainties. The clustering reagent ion NO;- or HNO;NO;™ has been omitted
222 from the formulas.

223
No. Formulas gl(;nggigﬁlgz)to DBE no nN
1 CH,, 306N, x=[4, 10] 11.3 2 6 1
2 CiHyx.1OgN, x=[4, 9] 4.9 1 6 1
3 CxHx4O4, x=[6, 10] 4.7 3 4 0
4 CiHy, 307N, x=[4, 10] 4.1 2 7 1
5 CxHy 405, x=[5, 10] 3.8 3 5 0



6 CiHyO7N,, x=[4, 10] 3.5 0 7 2
7 CiHa,sO6N, x=[5, 10] 3.1 3 6 1
8 CiHy,sO5N, x=[5, 10] 2.8 3 7 1
9 CiHx60s, x=[6, 10] 2.8 4 5 0
10 CiHy004, x=[6, 9] 2.4 2 4 0

224

225 S4.6 MT-mixed-OOM factor

226

227 Table S7. Molecular characteristics of the MT-mixed-OOM factor. Presented as several
228 sets of compounds, and the members of each set differ in the addition of a -CH, moiety.
229 Only the signals that account for more than one thousandth of the factor are selected to
230 reduce uncertainties. The clustering reagent ion NO;- or HNO;NO;™ has been omitted
231 from the formulas.

232
No. Formulas t(fl(;nggigﬁlg)z)to DBE no ny
1 CxHy 306N, x=[5, 12] 5.0 2 6 1
2 CiHy 105N, x=[4, 13] 4.8 1 5 1
3 CxH,O7N,, x=[5, 10] 4.7 0 7 2
4 CxHy sO6N, x=[6, 12] 4.6 3 6 1
5 CxHp 4Oy, x=[6, 11] 3.5 3 4 0
6 CiHax 1O6N, x=[4, 11] 34 1 6 1
7 CxHx 105N, x=[4, 10] 3.2 0 5 1
8 CiHax 305N, x=[4, 12] 2.9 2 5 1
9 CxHyx 204, x=[6, 9] 2.0 2 4 0
10 CyHy 407Ny, x=[9, 10] 1.5 2 7 2

233

234 S4.7 Mixed-OOM factor

235

236 Table S8. Molecular characteristics of the Mixed-OOM factor. Presented as several sets
237 of compounds, and the members of each set differ in the addition of a -CH, moiety.
238 Only the signals that account for more than one thousandth of the factor are selected to
239 reduce uncertainties. The clustering reagent ion NO5;~ or HNO3;NO;™ has been omitted
240 from the formulas.

241
No. Formulas gl(;nft;;l:(l)l;ugz)to DBE no nN
1 CiHy 306N, x=[4, 11] 11.1 2 6 1
2 CHy OsN,x=[4,12] 82 1 5 1
3 CiHy sO¢N, x=[6, 11] 33 3 6 1
4 CHa2OgNy, x=1[5,10] 2.5 1 8 2
5 CH,O7N,, x=[5, 12] 2.5 0 7 2
6 CHax 106N, x= [4, 8] 2.1 1 6 1
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C o204, x= [6, 9] 2.1 2 4 0
CHy 305N, x=[4,12] 1.8 2 5 1
CHa, 404, x=[6, 10] 1.7 3 4 0

10 CHyy 404, x=[6, 8] 1.3 4 4 0

S5 The additional information of the Arom-OOM factor

The aromatic oxidation proxy represents the aromatic photo-oxidation and can calculate
by Eq. (9):

Aromatic oxidation proxy = k,y X Aromatics x](OlD) )

Where kon is a reaction constant for the photo-oxidation of aromatics.

Here, we add the OH reactivity of monoterpenes to analysis.
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form Ctzx_joﬁN and CXH2X_508N.

S6 The additional information of two Aliph-OOM factors

As described in Liu et al.%, considering a simple scenario of alkane photo-oxidation
under high NO, conditions: the RO, generated from OH attack is completely terminated
by NO (Fig. S9(a)). The chain-retaining products are C,H,,0 (one more carbonyl group
than the precursor) and C,H,,+1O3N (one more nitrate group than the precursor).
Further re-oxidation of these products is a repetition of the same process and the 1 -
3,4 multi-generation products of alkanes summarized in Fig. S9(b) are regarded as
reference compounds, which we compare OOMs with to investigate other mechanisms

n
that differ from those shown in Fig. S9(a). The number of extra oxygen ( Oextm) from
each aliphatic OOM over its corresponding reference molecule was calculated by Eq.

n
(10). The Oextra can represent the extra oxygenated moieties with other processes.

n
The Cextrais calculated by Eq. (10):

=n,—-DBE -3 X
noextra "o il (1())

Where the DBE is calculated based on Eq. (4).
As showed in Fig. S9(c), two Aliph-OOM factors are mainly dominated by second and

third generation products and Aliph-OOM-I factor contains more carbonyl group while
Aliph-OOM-II factor prefers to contain nitrate groups.
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287 S7 The additional information of two Os-related factors
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S8 The additional information of the Mixed-OOM and the MT-mixed-OOM

factors
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320 S9 The additional information of NP factors
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327 S10 The molecular information of the high-quality OOMs dataset
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335 S11 Relationship of OOMs with O3, PM; 5
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340 S12 Relationship of PM,; 5 with O, and PAN
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S13 The calculation of OH proxy
The OH proxy is calculated by applying the Eq. (11):

[H,S0,] x CS

[SO,] (11)
Where the value of CS was calculated following Eq. (14)!!:

OH proxy =

CS = 21D E : B d, N,
4 4
! (12)

Where D is the diffusion coefficient of gaseous sulfuric acid, fm is a transition-regime

d
correction factor dependent on the Knudsen number!2, and i and N; are the diameter

and number concentration of particles in size bin 1.
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