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Section S1. The Cloud effect. 
Before conducting spectral analysis, it is essential to remove the impact of cloud effects. 

Wagner et al. proposed a method to determine cloud presence based on the color index (𝐶𝐼) [1]. 𝐶𝐼 refers to the ratio of solar radiation intensities at two different wavelengths:  𝐶𝐼 = 𝑅ଷଶ଴௡௠𝑅ସସ଴௡௠
The 𝐶𝐼௠௘௔௦ is calculated based on the detector signal as follows: 𝐶𝐼௠௘௔௦ = 𝑆ଷଶ଴௡௠𝑆ସସ଴௡௠
Here, 𝑆ఒ represents the detector signal at wavelength 𝜆. 
Since the detector and grating efficiency depends on the wavelength, the observed 𝐶𝐼௠௘௔௦ is 

not equal to 𝐶𝐼. However, the 𝐶𝐼 and 𝐶𝐼௠௘௔௦ are proportional: 𝐶𝐼 = 𝛽 · 𝐶𝐼௠௘௔௦ 
Here, the 𝛽 is a proportionality factor that depends on the efficiency of the spectrometer at 

different wavelengths. 
Since Rayleigh scattering strongly depends on wavelength, 𝐶𝐼  is maximized under clear, 

cloudless conditions. In cloudy weather, the 𝐶𝐼 decreases, and cloud types can be determined 
by setting a 𝐶𝐼 threshold.  

Section S2. The detailed introduction to the Ring effect and the I0 effect 
The Ring effect: The Ring effect is caused by the inelastic rotational Raman scattering of O2 and 
N2 in the atmosphere, which shortens the solar Fraunhofer lines [2]. Generally, the spectrum we 
measure is the sum of the elastic scattering process (Rayleigh scattering and Mie scattering) and 
the inelastic scattering process: 𝐼 = 𝐼௘௟௔௦௧௜௖ + 𝐼௜௡௘௟௔௦௧௜௖  (1) 

However, formula (1) cannot completely remove the Fraunhofer structure from the 
observed spectrum, which may affect the retrieval of weak absorbing gases. Typically, the 
impact of the Ring effect can be mitigated by adding an absorption structure (the Ring effect 
absorption structure) during the spectral fitting process, as follows [3]: − ln(𝐼௠௘௔௦) = − ln(𝐼௘௟௔௦௧௜௖ + 𝐼௜௡௘௟௔௦௧௜௖) (2)

Since 𝐼௘௟௔௦௧௜௖>>𝐼௜௡௘௟௔௦௧௜௖, the formula can be expressed as: − ln(𝐼௘௟௔௦௧௜௖ + 𝐼௜௡௘௟௔௦௧௜௖) ≈ − ln(𝐼௘௟௔௦௧௜௖) + ூ೔೙೐೗ೌೞ೟೔೎ூ೐೗ೌೞ೟೔೎  (3) 

Therefore, 𝐼ோ௜௡௚ can be calculated as follows: 𝐼ோ௜௡௚ = ூ೔೙೐೗ೌೞ೟೔೎ூ೐೗ೌೞ೟೔೎   (4) 

The I0 effect: The I₀ effect arises due to the limited spectral resolution of MAX-DOAS 
instruments in the ultraviolet and visible bands, where solar and atmospheric absorption spectra 
are not fully resolvable [4,5]. To eliminate this effect, the absorption cross-sections of 
atmospheric trace gases can be corrected using a modified absorption cross-section. 
  First, the high-resolution solar spectrum 𝐼଴(𝜆) is convolved with the instrumentʹs slit function; 
then, the modeled absorption spectrum calculated from the highly resolved solar spectrum and 
absorption cross-section is convolved with the instrument’s slit function; finally, assuming a 
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slant column density for an atmospheric trace gas. The corrected absorption cross-section can 
then be calculated as: 𝜎௖௢௥௥௘௖௧௘ௗ(𝜆, 𝑆𝐶𝐷) = ି୪୬ (ூ∗(ఒ,ௌ஼஽) ூబ∗(ఒ)൘ )ௌ஼஽   

In this study, the maximum SCD of the trace gas in the atmosphere is used to calculate the 
above absorption cross-section [5]. 

Section S3. WRF model Configurations. 
The meteorological parameters (temperature and boundary layer height) in Wangdu were 
provided by WRF-Chem version 3.9.1. Comprehensive details about the WRF model are 
available on its official website (http://www.wrf-model.org/index.php). In this work, the 
simulation domain covered North China Plain and its surrounding area, with a center point of 
38.0°N, 115.6°E. The simulation was configured with a horizontal resolution of 20 x 20 km, with 
26 hybrid pressure-sigma levels vertically. 
 The initial meteorological fields and boundary conditions were from the 6-h final operational 
global analysis (FNL) data. The data were provided by the National Centers for Environmental 
Prediction (NCEP), and it had a 1° × 1° spatial resolution. Furthermore, the NCEP Administrative 
Data Processing (ADP) Global Surface Observational Weather Data (ds461.0) and Upper Air 
Observational Weather Data (ds351.0) with 6-hourly temporal resolution were used to accurately 
reproduce the meteorology. The physical and chemical parameterization schemes adopted in 
this study are detailed in Table S1. Further configuration options of the model can be found in 
our previous study [6]. 
Table S1. Model configuration options. 

Schemes Description

Microphysics Purdue Lin Scheme [7] 

Longwave radiation Rapid radiative transfer model (RRTMG) scheme [8] 

Shortwave radiation RRTMG scheme[8] 

Cumulus parameterization Grell–Freitas Ensemble Scheme [9] 

Land surface Unified Noah Land Surface Model [10] 

Planetary boundary layer Yonsei University scheme [11] 
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Table S2. The monthly average temperature and humidity during observation period. 

Month Average temperature (℃) Average relative humidity (%) 

June 29.49 45.78

July 30.80 63.60

August 28.22 68.46

Figure S1. Process of vertical profile retrievals. 

Figure S2. The time series of meteorological information (boundary layer height, temperature, 

relative humidity, and visibility) in Wangdu area during observation period. 
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Figure S3. The scatter plots between meteorological information (RH and temperature) and 

pollutants (aerosols, NO₂, HONO, and NO₂/HONO). 
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Figure S4. Mean profiles and error bars of aerosol extinction, NO2, and HONO concentrations, and 

growth percentages during haze and non-haze days.  

Figure S5. (a) Vertical diurnal variation of HONO on August 20th. (b) Diurnal variation of HONO 

within 0-100 meters altitude on August 20th. 
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Figure S6. Surrounding environment of the observation site. 

Figure S7. The scatter plots between the ratio of HONO to NO2 and aerosols at different altitudes. 
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