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 Table S1. DOAS retrieval settings for O4, HONO, HCHO and O3 22 

Parameter Data source  Fitting interval 

  O4 HONO HCHO O3 

Wavelength range  
338–370  

nm 

335–373  

nm 

322.5–358  

nm 

320–340 

 nm 

NO2 

220 K, I0* correction 

(SCD of 1017 molec·cm−2); 

(Vandaele et al., 1998a) 

√ √ √ × 

NO2 

298 K, I0 correction 

(SCD of 1017 molec·cm−2); 

(Vandaele et al., 1998a) 

√ √ √ √ 

O3 

223 K, I0 correction 

(SCD of 1018 molec·cm−2); 

(Serdyuchenko et al., 2014) 

√ √ √ √ 

O3 

243 K, I0 correction 

(SCD of 1018 molec·cm−2); 

(Serdyuchenko et al., 2014) 

× √ √ × 

O3 

293 K, I0 correction 

(SCD of 1018 molec·cm−2); 

(Serdyuchenko et al., 2014) 

√ × × √ 

O4 

293 K, I0 correction 

(SCD of 3×1043 molec2 ·cm−5); 

(Thalman and Volkamer, 2013) 

√ √ √ √ 

HCHO 

293 K, I0 correction 

(SCD of 5×1015 molec·cm−2); 

(Orphal and Chance, 2003a) 

√ √ √ √ 

BrO 

273 K, I0 correction 

(SCD of 1013 molec·cm−2); 

(Fleischmann et al., 2004) 

√ √ √ × 

Ring 
Ring spectra calculated with 

DOASIS 
√ √ √ √ 

HONO 

I0 correction 

(SCD of 1015 molec·cm−2); 

(Stutz et al., 2000) 

× √ × × 

Polynomial degree 5 5 5 5 

Intensity offset Constant No Constant Constant 

* Solar I0 correction, Aliwell et al.(2002). 23 

  24 



Section S1 Error analysis 25 

We evaluated uncertainties in the retrieved profile products by analyzing the 26 

vertical column densities (VCDs) of trace gases (HONO, HCHO and O3) and aerosol 27 

optical depth (AOD). The main sources of uncertainty considered here were 28 

smoothing and noise errors, absorption cross-section uncertainties, errors arising from 29 

the temperature dependence of absorption cross-sections, algorithmic errors, and 30 

uncertainties related to aerosol retrievals. Each component is described below. 31 

Smoothing and noise errors ( ): Smoothing error (Ss) reflects the 32 

limited vertical resolution of the inversion and was calculated using Eq. S1. Noise 33 

error (Sn) arises from DOAS fitting uncertainty, primarily driven by measurement 34 

noise. The uncertainty in the retrieved state vector ( ) was treated as the combined 35 

contribution of these two independent sources and quantified using Eq. S2 (Frieß et 36 

al., 2006). In this study, the total smoothing and noise uncertainty was derived from 37 

the mean profile retrieval uncertainty. 38 

 
 (S1) 

39 

 
 (S2) 

40 

Here, AK denotes the averaging kernel matrix, which describes the sensitivity of the 41 

retrieved state to the true atmospheric state.  and  are the covariance matrices of 42 

the a priori constraints and measurements, respectively. K is the weighting-function 43 

Jacobian matrix, representing the sensitivity of the measurements to perturbations in 44 

the state vector. 45 

Absorption cross-section uncertainties ( ): Uncertainty in the 46 

absorption cross-sections is an inherent source of retrieval error. Previous studies have 47 

shown that the resulting uncertainties propagated to VCDs and vertical profiles are 48 

comparable to the original cross-section uncertainties (Friedrich et al., 2019; Song et 49 

al., 2023). We therefore adopted the reported intrinsic uncertainties of the cross-50 

sections directly. The uncertainties for O4, HONO, HCHO and O3 were 4%, 3%, 5% 51 

and 3%, respectively (Orphal and Chance, 2003b; Paur and Bass, 1985; R and R, 52 

2013; Vandaele et al., 1998b). 53 

Temperature-dependent absorption cross-section uncertainties ( ): 54 

Trace-gas absorption cross-sections vary with temperature and therefore introduce an 55 

additional source of uncertainty. This systematic error was estimated by calculating 56 

the change in cross-section magnitude per kelvin between two reference temperatures 57 

and multiplying it by the maximum temperature variation during the campaign. The 58 

measurement period (1 March to 31 August 2023) spanned spring and summer, for 59 

which a maximum temperature difference of 30 K was assumed. The resulting 60 

uncertainties for O4, HONO, HCHO and O3 were approximately 10%, 2%, 6% and 61 

13%, respectively. 62 

Algorithmic error ( ): This term represents the mismatch between the 63 

measured differential slant column density (DSCDs; y) and the simulated value 64 

(F(x,b)). As expressed in Eq. S3, this discrepancy may arise from imperfections in the 65 

forward model, inappropriate specification of parameter b, and errors independent of 66 

forward-model parameters, such as detector noise (Wang et al., 2017). 67 

  (S3) 68 



Aerosol-retrieval-related uncertainties ( ): The aerosol vertical profile is a 69 

key input to trace-gas profile retrieval and strongly influences the inversion results. 70 

Uncertainties in the retrieved aerosol extinction profile propagate directly into the 71 

trace-gas VCDs. This contribution was quantified using Eq. S4. 72 

  (S4) 73 

The total uncertainty for each trace gas was then derived by Gaussian error 74 

propagation, as given in Eq. S5. 75 

 (S5) 76 

Using the framework described above, the estimated uncertainties for trace gases 77 

(HONO, HCHO and O3) and AOD are summarized in Table S1. 78 

Table S1. Mean uncertainty estimates for trace gases and AOD (%) 79 

 
 VCD 

AOD HONO HCHO O3 

 5 16 27 8 

 4 2 5 3 

 10 2 6 13 

 8 11 11 5 

 / 14 14 14 

Total 14 24 33 22 

  80 



Section S2 Direct emission of HONO 81 

When analyzing the secondary formation of HONO, its direct emissions should 82 

be considered. Following the classical methods used in previous studies (Kramer et al., 83 

2020; Li et al., 2021; Liang et al., 2017), the direct emission of HONO can be 84 

evaluated using the following equations S6 and S7. 85 

  (S6) 86 

  (S7) 87 

The corrected HONO ( ) equals the measured HONO ( ) 88 

minus directly emitted HONO ( ). NOx data acquisition is described in 89 

detail below. In addition, the direct emission contribution was estimated from the 90 

linear relationship between  and  (Fig. S3), and showed a strong 91 

correlation (R = 0.75), and the mean value of /  was 0.79% ± 0.54%. 92 

Therefore, direct HONO emissions can be obtained from the product of NOx and the 93 

emission factor (0.79%). 94 

In this study, NOx could not be measured directly. Only NO2 data were available 95 

from CNEMC, while O3 data were also accessible. To obtain NOx data, we applied 96 

methods reported in previous studies (Mannschreck et al., 2004; Shetter et al., 1983), 97 

as described below. 98 

During daytime, under sunlight, NO, NO2, and O3 rapidly reach quasi-steady 99 

state (photostationary state) through the following fast reversible reactions: 100 

  (S8) 101 

  (S9) 102 

Under typical urban atmospheric conditions (within a few minutes), this cycle 103 

can be approximately considered at steady state, and the concentrations of NO, NO2, 104 

and O3 satisfy the following relationship: 105 

  (S10) 106 

where [NO], [NO2], and [O3] represent the concentrations of NO, NO2, and O3, 107 

respectively; JNO2 is the photolysis frequency of NO2; and k is the reaction rate 108 

constant of NO with O3 (Eq. S8), calculated using the Arrhenius equation (Eq. S11) as 109 

a temperature-dependent value: 110 

  (S11) 111 

Daytime NO concentrations were estimated from the NO–NO2–O3 112 

photostationary-state relationship. To minimise uncertainty, only data collected 113 

between 11:00 and 15:00 were used. 114 

The derived NO concentrations were then combined with CNEMC NO2 115 

observations to obtain NOx. The linear relationship between  and  116 

was subsequently used to estimate the emission factor, yielding an emission factor 117 



/  ratio of 0.79%. 118 

  119 



Section S3 Separation of Primary and Secondary Sources of HCHO 120 

Ground-level CO and Ox (O3+NO2) serve as tracers to isolate primary and 121 

secondary HCHO sources via a multiple linear regression framework (Hua et al., 2023; 122 

Li et al., 2024; Lin et al., 2022)。 123 

  (S12) 124 

In this equation, [HCHO], [CO], and [OX] denote the measured concentrations of 125 

HCHO, CO, and OX, respectively. HCHO data are acquired from ground-based 126 

hyperspectral observations, whereas CO and Ox data originate from national 127 

monitoring networks. The coefficients , , and  are derived from the regression 128 

fit:  represents the background HCHO concentration,  quantifies the emission 129 

ratio of HCHO to CO (primary source), and  reflects the photochemically 130 

generated fraction of HCHO (secondary source). 131 

The relative contributions of HCHO’s background (Pbg), primary (Ppri), and 132 

secondary (Psec) sources are then calculated as: 133 

  (S13) 134 

  (S14) 135 

  (S15) 136 

  137 



 138 

Figure S1. Representative DOAS spectral fits and fitting residuals for (a) O4, (b) 139 

HONO, (c) HCHO and (d) O3. 140 

  141 



 142 

Figure S2. Monthly mean vertical profiles at AHU. 143 



 144 

Figure S3. Monthly mean vertical profiles at CF. 145 

  146 



 147 

Figure S4. Correlation between  and  148 

  149 



 150 

Figure S5. Vertical aerosol profiles for summer at AHU. 151 

  152 



 153 

Figure S6. Correlations between AOC and aerosol. The upper row is for AHU, the 154 

lower row for CF, the left column for spring, and the right column for summer. 155 

  156 
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