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Section S1. Measurement at Hyytiéili site

The boreal forest SMEAR II station is located at Hyytidld, southern Finland (Hari and Kulmala, 2005;Hari et al.,
2013). The datasets used in this study are from 8" March to 13" August in 2018.

Sulfuric acid was measured by a CI-APi-TOF mass spectrometry using nitric acid as reagent ions at the top of a
35 m tower. The calibration coefficient of sulfuric acid during the measurement period was 3.2 x 10° molec cm>.
UVB radiation was also measured at the same height as sulfuric acid by a radiometer (Solar Light SL501A). The
particle number distributions of 3 - 1000 nm aerosols were obtained by a twin differential mobility particle sizer
(DMPS) (Aalto et al., 2001) at 8 m in height above ground, and was then used to calculate the condensation sink
(CS) according to the method from Kulmala et al. (Kulmala et al., 2001;Kulmala et al., 2012;Kerminen et al., 2001)
Besides, meteorological parameters and trace gases were continuously monitored at various heights (4.2, 8.4, 16.8,
33.6,50.4,67.2,101, and 125 m) on a 126 m mast. Air temperature was measured by PT-100 resistance thermometer,
and air relative humidity (RH) was monitored by RH sensor (Rotronic HygroMet MP102H with HygroClip HC2S3,
Rotronic AG, Switzerland). SO, mixing ratio was monitored using an SO, fluorescence analyzer (Model 43i,
Thermo, USA). The temperature, RH and SO, measured at 33.6 m were utilized to match the height of sulfuric acid
and UVB.

Section S2. Estimation of hourly PM, s for Hyytila site

The mass concentrations of PM» s and PMiy of Hyytidld were continuously measured with the filter-sampled
Impactor, but they only had a resolution of 1-3 days. Meanwhile, the PM o was additionally monitored by a SHARP
instrument with hourly resolution. Therefore, it is possible to obtain the hourly PM, s data from hourly PM;o. We
then explore the relationship between PM,.s and PM o from Impactor measurement. And as shown in Figure S12B,
PM, 5 had a very good linear correlation (R = 1.0) with PM, and the scaling factor between them was 0.8. Thus,
we calculated the hourly PM; s based on the equation of PM» s = 0.8xPMo.

Section S3. Uncertainty analysis of sulfuric acid proxies

According to equation (4), the uncertainty of OH-CS based proxy can be calculated as follows:

2
EpmxyOHyc;\/(-OJ)z-(ET)2+(ESOZ) +(Eom)*+(-1)* (Ecs)?
The relationship between OH radical and UVB is OH = 6.14x10%UVB. Then the uncertainty of replacing OH
radical by UVB is:

2
EUVB—substitution:\/ (EUVB—measure)2+(EUVB—to—OH)2+(EOH—modelling)
The relationship between CS and PM, s is CS = 2.67x10*-PM,.s**. Then the uncertainty of replacing CS by PM, s

is:

2 2
EPM2.5—substitution:\[(2/3)2'(EPM2'5-measure) +(EPM2,5—t0—CS) +(ECS)2
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The accuracies of measuring temperature (Vaisala) and PM» s (ThermoFisher) are usually smaller than 1% , and
therefore can be ignored. The accuracies of measuring SO, (ThermoFisher) and UVB (KIPP&ZONEN) are around
1% and 5% respectively. The uncertainty of the model calculations of OH radical is approximately 40% (Tan et al.,
2017;Ma et al., 2019;Ma et al., 2022). The underestimation of CS from DMPS measurement is around 11.7%
(Figure S14, averaged relative errors of three periods). The relative error of using UVB to substitute OH radical is
86.5% (Figure S7A), and the relative error of using PM, s to substitute CS is 28.9% (Figure S7B). Bring those

uncertainties of parameters into the above equations, we can get:

2
EUVB—substitution_\/ (EUVB—measure)2+ (EUVB—to—OH)2+ (EOH—modelling) :\/ (5 %) 2+ (86 S %) 2+(40%)2:95 4%

2
EPMZ_S-substitution:\/ (EpM, -to-cS) +(Ecs) 2= (28.9%)2+(11.7%)2=31.2%

= \/ (ESO2)2+(EOH)2+(EC5)2=\/ (1%)2+(40%)2+(11.7%)2=41.7%

EPTOXYOH cs

:\/ (Esoz)z+ (EuvB-substitution)*+(Ecs) 2=y (1%)2+(95.4%) 2+(11.7%)2=96.1%

EPrOXyUVB,CS

2 2
EPrOXyUVB,PMZAS :\/ (ESOZ) +(EUVB-substitution)2+(EPM2.5-substitution) :\/(1%)2+(95-4%)2+(3 1 -2%)2 = 100.4%

In summary, the uncertainties of OH-CS, UVB-CS and UVB-PM, s based proxies are estimated to be 41.7%, 96.1%
and 100.4%, respectively.
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61 Figure S1. Three-year (from 2019 to 2021) time variations of (A) UVB, RH and temperature, (B) PM2s and PMcoarse, (C) NO,
62 NO, and HONO, (D) SO, and O3, and (E) sulfuric acid (H.SO4) and condensation sink (CS) during daytime (10:00-14:00).
63 The labels on x-axes are in “year/month” format.
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Figure S2. Monthly variations of UVB and SO, during daytime (10:00-14:00) in May, June, July, August and September in
2019, 2020 and 2021. The gray circles and orange diamonds represents datasets of all and without precipitation moments,
respectively. The up line, middle marker and bottom line stand for upper quartile, median and lower quartile values respectively.
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Figure S3. Three-year (from 2019 January to 2021 November) monthly variations of (A) H,SO4 concentration, (B) emission

1.398 -1.404
source of H>SO4 (Emission Source=[Benzene]( 1 vmvil) (O(iss_l (Yang et al., 2021)), (C) alkene ozonolysis source of

H,S0, (Alkene Ozonolysis Source=[SO,][03][Alkene] (Guo et al., 2021)) and (D) condensation sink (CS) during nighttime
(22:00-02:00 next day). Blue triangles, green squares and orange circles represent data in 2019, 2020 and 2021, respectively.
The up line, middle marker and bottom line stand for upper quartile, median and lower quartile values, respectively.
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79 Figure S4. (A) Mean diurnal variations of H,SO4, UVB, global radiation (Glob), modelled OH radical (OHmode1), HONO,
80 modelled photolysis rate of NO2 (J(NO2)moder) and modelled photolysis rate of O3 to generate O('D) (J(O'D)model) of 2019. The
81 diurnal curves are depicted in normalized values. Values of (B) peaking hour, (C) full width at half maximum (FWHM), (D)
82  morning increase moment, and (E) nightfall decrease moment from the curves of figure (A). Except from HONO, morning
83 increase moment is when the diurnal curve starts increasing rapidly in the morning, and the nightfall decrease moment is when
84  the diurnal curve turns from rapid to slow decreases at nightfall. For HONO, the “morning increase moment” is when HONO
85 starts declining rapidly in the morning.
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Figure S6. H.SO4 proxy suggested by (A) Petdji et al., 2009 using OH radical with constant pre-factor ki, (B) Petéja et al.,
2009 using UVB with constant pre-factor ko, (C) Petidji et al., 2009 using global radiation with constant pre-factor ks, (D) Petdja
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equation N7, and (I) Data et al., 2020 with the result of Figure 7(b) vs. measured H,SO4 during daytime (10:00-14:00) in 2019.
In each plot, the black dashed lines are 1:1 lines, and the red lines are the least square fit lines between proxy and measured
H»S0,. Corresponding functions of the least square fit, correlation coefficients (R), and the relative error (RE) between proxies
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158 Figure S10. Left: The ratios of sulfuric acid concentrations estimated by proxies in this study to the measured one
159 (Proxy/Measured) vs. UVB, SO,, CS, PM,s and RH during daytime (10:00-14:00) of three years. Different colored markers
160 represent different proxies. The up line, middle marker and bottom line stand for upper quartile, median and lower quartile
161 values respectively. Right: Frequency distributions of corresponding parameters classified by “NPF”, “Non-NPF”,

162 “Undefined”, and “No Data” periods.
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166 Figure S11. Sulfuric acid concentrations estimated by proxies vs. measured concentration during daytime (10:00-14:00) for
167 (A1) and (A2) Proxyom,cs in 2019, (B1) and (B2) Proxyuvscs in 3 years, and (C1) and (C2) PronyVB’PM25 in 3 years. The
168 black dashed lines are 1:1 lines, and the black lines are the distance weighted least square fits between proxy and measured
169 sulfuric acid. Corresponding functions of the fits, correlation coefficients (R) and relative errors (RE) are shown in the legend.
170 For the first row, datasets include all daytime data. The triangle marker represents the binned data, where the up line, middle
171 marker and bottom lines stand for upper quartile, median and lower quartile, respectively. For the second row, datasets only
172 cover the optimal parameter ranges. Optimal parameter ranges for Proxyoncs: 4x103 < [OH] < 1.2x107 molec cm?3, 0.015 <
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Figure S12. (A) Relationship between condensation sink (CS) and PM, 5> for Hyytidli site during daytime (10:00-14:00) from

8th March to 13" Aug. 2018. (B) Relationship between daily PM, s and daily PM;, for Hyytiéld site from 2017 to 2019. In both

two plots, the red lines are the least square fit lines between two parameters. Corresponding functions of the fits and correlation
[

coefficients (R) are also shown in the legend.
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Figure S13. Three-year (from 2019 to 2021) time variations of condensation sink (CS) calculated from the particle number
size distribution of PSD and DMPS. The labels on x-axes are in “year/month” format.
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relative errors between them are listed in the legend.
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Figure S15. OH-CS based proxy vs. measured sulfuric acid during daytime in 2019 for (A) 10:00—14:00, (B) 08:00-10:00 and
14:00-16:00, as well as (C) 06:00-08:00 and 16:00—18:00. The black dashed lines are 1:1 lines.

Figure S16. Relationship between condensation sink (CS) and PM, s** for Nanjing site (Nie et al., 2022) from 24" October to

7% December, 2018.
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200 Tables

201 Table S1. Precipitation frequency during daytime (10:00-14:00) in May, June, July, August and September in 2019, 2020 and
202 2021.

Month 2019 2020 2021
May 4% 14% 8%
June 5% 15% 25%
July 19% 21% 37%

August 13% 20% 26%

September 5% 12% 24%

203
204 Table S2. Monthly concentration of H,SO4 (molec cm™) during nighttime (22:00-02:00 next day) from 2019 to 2021. “NaN”
205 means there is no data available.

2019 2020 2021

Median 25th 75th Median 25th 75th Median 25th 75th
January 4.7x10°  3.2x10°  8.3x10% | 2.8x105 1.8x10° 5.4x10° | 2.6x10° 1.7x105  4.8x103
February | 4.1x105 2.5x10° 6.7x10° | 2.5x10°  1.7x105  4.1x105 | 3.0x10° 2.1x10°  4.4x10°
March 4.0x10°  3.2x10°  5.2x10° NaN NaN NaN 2.3x10° 1.6x10°  3.8x10°
April 2.8x10°  1.6x10°  4.0x10° | 2.7x10° 1.4x10° 4.3x10° | 2.9x10° 2.0x10° 4.1x10°
May 5.0x10°  3.3x10°  6.4x10° | 5.1x10° 3.8x10° 7.6x10° | 4.5x10° 2.9x10° 7.0x10°
June 3.9x10°  2.6x10°  5.6x10° | 5.5x10° 3.3x10° 7.8x10° | 4.5x10° 2.4x10° 5.7x10°
July 3.4x10°  2.4x10°  5.0x105 | 3.3x10° 1.7x10° 5.2x10% | 2.9x105 1.7x10° 3.9x10°
August 3.6x10°  2.4x10°  6.1x105 | 4.0x10° 3.1x10° 5.2x10° | 3.8x105 2.6x10° 5.3x10°

September | 6.3x10°  4.2x105  8.8x10° | 4.4x10° 2.9x10°  6.7x103 NaN NaN NaN
October 3.5<10°  1.8x10°  5.6x105 | 2.9x10° 2.1x10° 4.1x10% | 2.5x105 1.4x10° 5.3x10°
November | 2.8x10° 1.5x10° 5.6x10° | 2.9x10° 1.7x10° 4.2x10° | 2.4x10° 1.1x10° 5.5x10°

December | 1.6x10°  9.8x10*  7.1x10° | 2.8x105 1.7x10° 4.9x10° NaN NaN NaN

Month

206
207 Table S3. Mean, standard deviation (Std), median, lower quartile (25th) and upper quartile (75th) of sulfuric acid concentrations
208 from measurement and estimated by proxies from literatures during the time window of 10:00-14:00 in 2019 (1% January to

209 31% December). The unit of concentration is molec cm.

Parameters Mean Std Median 25th 75th
Measured H,SO4 4.9x10° 3.5x10° 3.9x10° 2.5%10° 6.3x10°
Proxy petjs on-c 1.0x107 1.4x107 4.7x10° 2.5%10° 1.1x107
Proxy petsjs oH-F 2.8x10° 2.6x10° 2.1x10° 1.2x10° 3.5x10°
Proxy petja uvB-c 7.7x10° 8.0x103 5.5x10° 2.7x103 1.0x10°
Proxy petiji UvB-F 1.9x10° 1.5x10° 1.6x10° 7.2x10* 2.7x10°
Eﬁfy“ Proxypegagionc | 2.1x106  1.8x106  1.7x10°  7.4x105  3.0x10°
Proxy petiji Glob-F 1.1x10° 9.0x10° 9.0x10° 3.9x10° 1.6x10°
Proxy mikkonen et al. 3.9x107 2.6x107 3.4x107 1.9x107 5.2x107
Proxy ruetal 8.3x10° 3.7x10° 7.8x10° 5.6x10° 1.0x107
Proxy pada et al. 1.1x107 5.8x10° 9.7x10° 6.0x10° 1.4x107

210
211 Table S4. Mean, standard deviation (Std), median, lower quartile (25th) and upper quartile (75th) of sulfuric acid concentrations
212 from measurement and estimated by proxies in this study during daytime (10:00-14:00). The concentrations in 2019, 2020,

213 2021 and 3 years are summarized respectively. The unit of concentration is molec cm?.
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Year Parameters Mean Std Median 25th 75th
[H2SO4]2019 4.9x10° 3.5x10° 3.9x10° 2.5%10° 6.3x10°

2019
Proxyon,cs 6.0x10° 8.2x10° 2.8x10° 1.5x10° 6.3x10¢
[H2SO4]3-vear 4.4x10° 3.3x10° 3.5%10° 2.1x10° 5.8x108
3-Year Proxyuvs,cs 5.1x108 5.5x108 3.6x10° 1.5x10° 6.9x10°

ProXy yppy,,  4.5%10° 4.7x10° 3.2x106 1.3x106 6.1x10

214
215 Table S5. Performance statistics for the comparison between simulated (SIM) and observed (OBS) concentrations of NO», SO»,
216 03, and PM; 5 at BUCT site during the study period (2019.1.1 — 2020.3.15).

Variables NO: (ppb) SOz (ppb)  PM,s (ug/m®)  Os (ppb)
Mean OBS 19.5 1.6 27.7 452
Mean SIM 17.6 1.9 28.6 40.5
Normalized Mean Bias -10% 33% 3% -11%
Normalized Mean Error 63% 88% 66% 57%

217
218 Table S6. Performance statistics for the comparison between simulated (SIM) and observed (OBS) concentrations of NO», SO»,
219 O3, and PM; s at national monitoring sites in China in 2019.

Variables NO: (ppb) SOz (ppb)  PM,s (ug/m®)  Os (ppb)
Mean OBS (pg/m?) 29.3 11.3 39.2 93.3
Mean SIM (pg/m’) 26.2 8.5 34.3 92.9
Normalized Mean Bias -11% -25% -12% 0%
Normalized Mean Error 20% 27% 20% 16%

220
221 Table S7. Performance statistics for the comparison between simulated (SIM) and observed (OBS) concentrations of NO», SO»,
222 03, and PM 5 at national monitoring sites in China in 2020.

Variables NO: (ppb) SOz (ppb)  PM,s (ug/m®)  Os (ppb)
Mean OBS (ug/m?) 26.0 10.0 34.5 91.6
Mean SIM (pg/m®) 21.7 6.9 31.0 83.9
Normalized Mean Bias -17% -31% -10% -8%
Normalized Mean Error 28% 38% 22% 19%

223
224 Table S8. Monthly concentration of SO; (ppb) during daytime (10:00-14:00) from 2019 to 2021. “NaN” means there is no data
225  available.

Month 2019 2020 2021 Annua.I decline using
Median 25th 75th | Median 25th  75th | Median 25th  75th median value / %

January 3.00 1.51 5.71 3.63 1.94 5.15 1.50 094 2.66 -24.9
February 2.07 0.95 4.41 1.75 0.51 3.20 2.03 1.17 3.00 -1.0
March 3.61 0.78 5.40 1.21 0.45 2.67 1.07 0.63 1.90 -35.2
April 2.08 0.79 3.54 1.88 047 3.94 1.02 036 2.08 254
May 2.18 0.55 3.22 2.36 092 3.15 0.51 024 1.07 -38.3
June 1.88 0.70 3.10 0.58 029 191 0.30 0.16 0.60 -41.9
July 0.25 0.16 0.79 0.22 0.07 0.48 0.08 0.06 0.10 -34.7
August 0.36 0.28 0.87 NaN NaN NaN 0.23 0.18 0.32 -18.9
September 1.05 0.79 1.33 0.40 0.22 0.73 0.27 0.11 0.40 -37.0
October 0.77 0.31 1.70 0.68 0.46 1.49 0.35 0.25 0.59 -27.2
November 1.43 0.55 243 1.46 0.45 2.85 0.32 0.26 0.58 -39.0
December 1.46 0.75 2.30 1.75 0.98 2.66 NaN NaN NaN 19.3
Average -25.4

226
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