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Abstract

The photolysis frequency of nitrogen dioxide (NO>), J(NO>), links aerosol radiative effects with near-surface photochemistry
and ozone formation. Its response to aerosol optical properties is difficult to quantify because scattering, absorption,
hygroscopic growth, black carbon coating properties, aerosol vertical distribution, and surface reflection are coupled. We
developed a framework combining Mie calculations, the Constrained Parameter (CP) method, and the Tropospheric Ultraviolet
and Visible (TUV) model to quantify sensitivities and interactions controlling J(NO») using inputs representative of northern
China. Two pathways were examined: direct perturbation of aerosol optical depth (AOD), single-scattering albedo (SSA), the
asymmetry factor (g), and surface albedo in TUV, and a microphysical pathway in which AOD, SSA, and g were derived from
aerosol microphysical parameters using Mie calculations. Among direct radiative inputs, SSA and surface albedo showed the
largest CP sensitivities, approximately 12.0x10-* and 5.3x10 dJ/(dx/x), respectively, indicating stronger control by scattering—
absorption partitioning and the lower radiative boundary than by column extinction alone. In the microphysical analysis,
coating thickness, black carbon density, black carbon absorption enhancement (BCAE), the imaginary part of the black carbon
refractive index, hygroscopicity, and surface albedo were key factors. Interaction and fixed-factor analyses showed that
sensitivity rankings were state dependent. The strongest interaction occurred between coating thickness and BCAE. Better
constraints on SSA, surface albedo, coating thickness, BCAE, hygroscopicity, and aerosol vertical distribution are needed to

improve photolysis-frequency calculations and assessments of coupled fine particulate matter and ozone pollution.
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1 Introduction

Synthetic pollution involving fine particulate matter (PMzs) and ozone (O;) remains a major challenge for air-quality
management. Although PMzs pollution has been substantially reduced in China, O3 pollution has remained high or has
increased in several regions, making coordinated PM2s—Oj3 control an important scientific and policy issue (Ma et al., 2021;
Liu et al., 2024; He et al., 2024). Aerosols play an important role in this coupled pollution system. On the one hand, aerosols
contribute directly to PM2 s mass concentration and further affect particulate pollution (Huang et al., 2014; An et al., 2019).
On the other hand, aerosols can modify solar radiation and actinic flux, thereby changing photolysis frequencies and further
affecting near-surface photochemistry and O3 formation (Gerasopoulos et al., 2012; Wang et al., 2019; Zhao et al., 2021).
The photolysis frequency of nitrogen dioxide, J(NO>), is a central parameter in tropospheric photochemistry and plays an
important role in regulating ozone formation and atmospheric oxidizing capacity. NO: photolysis produces NO and O°P, and
O3P subsequently reacts with Oz to form Os. Therefore, J(NO2) directly participates in the NO-NO»-Os3 cycle (Trebs et al.,
2009; Zhao et al., 2021). In general, J(NO) is determined by the NO- absorption cross section, photolysis quantum yield, and
actinic flux. Among these terms, actinic flux is the factor most directly affected by atmospheric radiative conditions, including
solar zenith angle, clouds, acrosols, gaseous absorption, surface albedo, ozone column abundance, and altitude (Shetter et al.,
2003; Walker et al., 2022).

Aerosols can modify actinic flux by scattering and absorbing ultraviolet and visible radiation before it reaches the near-surface
atmosphere, thereby changing J(NO>) and subsequent O3 production. Variations in J(NO.) driven by aerosols and atmospheric
conditions have been investigated in different environments, reflecting the importance of photolysis processes in near-surface
photochemistry and ozone formation. Long-term measurements in the eastern Mediterranean showed that J(NOz) varied with
aerosol loading, solar zenith angle, and other atmospheric conditions, indicating that aerosols can modify near-surface
photolysis conditions (Gerasopoulos et al., 2012). In Beijing, observations and parameterized calculations during 2012-2015
showed that aerosols reduced seasonal mean J(NO.) by approximately 24% in summer and 30% in winter relative to aerosol-
free conditions, and photochemical box-model simulations further indicated that aerosol light extinction reduced the monthly
mean daytime net Oz production rate by up to 25% (Wang et al., 2019). At a suburban site in North China, long-term
reconstructed J(NO.) data from 2005 to 2019 showed that the annual mean aerosol optical depth (AOD) attenuation effect on
J(NOz) was —28.6% relative to an aerosol-free atmosphere, with seasonal mean effects of —27.1%, —35.1%, —25.5%, and
—26.3% in spring, summer, autumn, and winter, respectively (Zhao et al., 2021). Model sensitivity experiments further showed
that black carbon (BC) aerosols can reduce boundary-layer J(NO2) by 10%-30% and ground-level O3 by 5%—-20% under
highly polluted conditions (Li et al., 2005). These studies demonstrate that acrosol-induced changes in photolysis can propagate
into near-surface O3 production.

AOD, single-scattering albedo (SSA), and the asymmetry factor (g) are key radiative parameters that describe how aerosols
affect J(NO2). AOD controls the magnitude of aerosol extinction and generally reduces near-surface actinic flux under different

polluted conditions. Long-term measurements in the eastern Mediterranean showed that AOD averaged over five years of 0.27
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+0.13 reduced J(NOz) by 5%—14% at a solar zenith angle of 60°, while high aerosol loads with AOD values of 0.5-0.7 reduced
photolysis frequencies by up to 30%—40% (Gerasopoulos et al., 2012). SSA determines the partitioning between scattering
and absorption, thereby affecting whether aerosols mainly enhance diffuse radiation or attenuate actinic flux through
absorption. Aerosol hygroscopic growth can modify wet particle size and SSA, leading to different aerosol effects on J(NO>);
for example, Tao et al. (2014) reported that aerosol hygroscopic growth generally inhibited near-surface J(NO,) but increased
J(NO») by 30.4% at 1 km under a relative humidity (RH) of 98%. Absorbing aerosols can further reduce near-surface actinic
flux and photolysis rates, with recent AERONET-based calculations over East Asia showing average decreases in J(NOz) of
16.95% at Chinese sites and 14.90% and 13.71% in the Beijing-Tianjin—Hebei (BTH) and Yangtze River Delta (YRD) regions,
respectively (Chen et al., 2023). g characterizes the angular distribution of scattered radiation and affects how aerosol scattering
redistributes radiation within the atmosphere. Different aerosol types, with contrasting scattering—absorption characteristics,
can therefore affect photolysis rates and Oz formation in different ways (Gao et al., 2023). In addition to aerosol optical
properties, surface albedo regulates the lower radiative boundary by controlling surface reflection, thereby influencing near-
surface actinic flux and J(NOz). Walker et al. (2022) showed that high surface albedo conditions such as snow cover enhanced
upwelling diffuse radiation and made the adjustment factor derived from total radiation approximately 40% larger than that
derived from downward radiation alone.

Basically, AOD, SSA and g are controlled by aerosol microphysical properties and vertically environmental conditions.
Particle number size distribution (PNSD), black-carbon particle number size distribution (BCPNSD), complex refractive
indices, black-carbon density (psc), coating thickness (CT), black carbon absorption enhancement (BCAE), mixing state (MS),
hygroscopicity (k), RH, and vertical distribution (VD) can jointly influence aerosol extinction, scattering, absorption, SSA,
and g through Mie-based optical calculations and radiative-transfer processes (Tao et al., 2014; Liu et al., 2017; He and Zhao,
2025). For BC-containing aerosols, light absorption depends on coating conditions, MS, particle morphology, and particle-
scale heterogeneity. Observational and modelling studies have shown that absorption predicted by idealized core—shell Mie
representations can differ from atmospheric measurements because real BC-containing particles do not fully conform to
assumptions of concentric spherical geometry, uniform coatings, and homogeneous mixing (Cappa et al., 2012; Fierce et al.,
2016; Liu et al., 2017; Lan et al., 2024; Zeng et al., 2024). At present, however, no generally accepted quantitative relationship
links the full set of these microphysical properties to the absorption variability that remains unresolved by the idealized core—
shell Mie representation. This provides the rationale for including BCAE as a separately prescribed scaling input in the present
framework, following He and Zhao (2025). Aerosol hygroscopic growth is also jointly controlled by k and RH, and it changes
particle size and SSA and modifies the vertical dependence of acrosol effects on J(NO) (Tao et al., 2014). VD provides another
important source of state dependence: observational constraints on vertical aerosol profiles over North China increased surface
J(NO») by 63.4% in winter and by 33.4%-34.8% in summer, and weakened the default aerosol—photolysis interaction effect
on O3 by 36%—-56% (Chen et al., 2025). These findings indicate that the sensitivity of J(NO>) to a single factor may depend on

the states of other factors, leading to nonlinear responses and interaction effects.
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Sensitivity analysis provides a general framework for identifying influential input factors and quantifying how input
uncertainties or perturbations are transferred to model outputs. In aerosol and radiation studies, one-at-a-time (OAT)
perturbation experiments, radiative perturbation experiments, Monte Carlo uncertainty propagation, Morris screening, and
variance-based global methods such as Sobol and EFAST have been widely used to evaluate the sensitivity of radiative forcing
or radiative fluxes to aerosol and surface parameters (Morris, 1991; Saltelli et al., 1999, 2005; Frey and Patil, 2002;
McComiskey et al., 2008; Loeb and Su, 2010; Lee et al., 2011, 2016; Thorsen et al., 2020). These studies commonly focused
on parameters such as AOD, SSA, g, VD, cloud conditions, and surface albedo, and they have shown that uncertainties in
aerosol optical properties can substantially affect simulated radiation-related quantities.

For photolysis studies, most existing sensitivity or perturbation analyses have evaluated aerosol effects on J(NO) within an
OAT or OAT-type framework by perturbing aerosol loading, aerosol optical properties, aerosol type, aerosol hygroscopic
growth, or VD separately. Early sensitivity analysis showed that J(NO>) is sensitive to aerosol optical properties, with the
strongest response associated with urban aerosols, followed by rural, desert, and maritime aerosols (He and Carmichael, 1999).
Model sensitivity experiments further showed that BC aerosols can reduce boundary-layer J(NOz) by 10%-30% under highly
polluted conditions (Li et al., 2005). Observation-based parameterization in Beijing showed that aerosol extinction reduced
seasonal mean J(NO:) by approximately 24% in summer and 30% in winter relative to aerosol-free conditions (Wang et al.,
2019). Recent observation—simulation analysis further characterized long-term changes in J(NO-) in Beijing and explored the
influence of aerosols on photolysis rates (Li et al., 2025). At a suburban site in North China, long-term reconstructed J(NO>)
data showed that the annual mean AOD attenuation effect on J(NO2) was —28.6% during 20052019, with the strongest
seasonal effect in summer (—35.1%) (Zhao et al., 2021). Recent studies further demonstrated that aerosol type and VD can
modify photolysis rates and simulated photochemical responses; for example, observational constraints on aerosol vertical
profiles over North China increased surface J(NO>) by 63.4% in winter and by 33.4%—34.8% in summer (Gao et al., 2023;
Chen et al., 2025). These studies indicate that aerosol perturbations can substantially modify J(NOz), but most of them still
quantify the effects of individual factors separately rather than explicitly resolving multi-factor interactions.

However, the OAT or OAT-type framework has inherent limitations for a multi-factor photolysis system. By varying one
factor while fixing the others, it mainly represents the local response around a selected reference state and cannot fully capture
the co-variation and interaction among aerosol microphysical parameters, environmental conditions, and radiative-boundary
factors. This limitation is particularly important for J(NO») calculations, because the effect of one factor, such as AOD, SSA,
RH, CT, BCAE, VD, or surface albedo, may be amplified, weakened, or even reversed by the states of other factors. At present,
quantitative studies that explicitly isolate the interaction effects of these factors on J(NOz) remain limited. As a result, the
apparent sensitivity ranking may misrepresent the real controlling mechanisms of photolysis-frequency changes, and the key
parameter combinations that should be prioritized in observations, laboratory measurements, and model constraints remain

unclear. More importantly, this uncertainty can propagate into the assessment of aerosol-photochemistry feedbacks and bias
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the interpretation of how PMa s reduction or aerosol-property changes influence near-surface O3 formation under coordinated
PM;5—Os control.

The Constrained Parameter (CP) method provides a quantitative approach for evaluating factor sensitivity and interaction
effects in multi-factor systems (He and Zhao, 2025). In this method, an unconstrained Monte Carlo simulation is first performed
with all input factors varying within their prescribed ranges. A second simulation is then conducted by constraining the range
of one target factor while retaining the variability of the other factors. The change in the output distribution is used to quantify
the sensitivity of the target factor. By comparing CP-based sensitivities with OAT-based sensitivities, the contribution from
factor interactions can also be diagnosed. This method was originally developed to quantify uncertainty contributions in
aerosol-radiation interactions, and its logic provides a suitable basis for evaluating how aerosol optical properties, aerosol
microphysical parameters, environmental conditions, and radiative-boundary effects jointly influence J(NOz).

This study develops a coupled Mie and Tropospheric Ultraviolet and Visible (TUV) framework that incorporates the CP
method to evaluate the sensitivity and interaction effects of aerosol and environmental factors on J(NO:) near the surface.
Using this framework, we first quantify the sensitivities of J(NO>) to direct radiative inputs, including AOD, SSA, g, and
surface albedo, and examine whether their effects are independent or modulated by factor interactions. We then extend the
analysis to aerosol microphysical parameters and environmental conditions, including PNSD, BCPNSD, complex refractive
indices, psc, MS, CT, BCAE, «, RH, and VD, to determine how these factors affect J(NOz) through changes in acrosol optical
properties and actinic flux. In addition, a pairwise CP-based interaction analysis is developed to quantify the interaction effect
between two selected factors, and fixed-factor experiments are further used to examine how the sensitivity of J(NO2) changes
under different parameter states. Through these analyses, this study identifies the key aerosol-related parameters and parameter
combinations that should be better constrained in photolysis-frequency calculations. The results provide a quantitative basis
for improving the representation of aerosol-photochemistry interactions in assessments of coupled PM» 5—O3 pollution. Section
2 describes the data and methods, Sect. 3 presents the sensitivity and interaction results, and Sect. 4 summarizes the main

conclusions and limitations.



148

149

150
151
152
153
154
155
156
157

158

159
160

161
162
163

164
165
166
167

168

169
170

https://doi.org/10.5194/egusphere-2026-4877
Preprint. Discussion started: 21 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

2 Methods
2.1 Mie model

Mie theory was used to calculate aerosol optical properties from aerosol microphysical parameters (Bohren and Huffman,
1983). For a given wavelength, particle size, complex refractive index, and mixing structure, the Mie calculation yields the
extinction efficiency, scattering efficiency, absorption efficiency, and single-particle asymmetry factor.
For BC-containing particles, a uniform core—shell structure was assumed. The BC core was treated as the light-absorbing
component and was described by the BC particle size, prc, and complex refractive index of BC, whereas the shell represented
the coating material and was described by CT and shell refractive index (He and Zhao, 2025).
Aerosol hygroscopic growth was treated using the k-Kohler growth factor (Petters and Kreidenweis, 2007). For a dry particle
with diameter Dy ary, the wet particle diameter was calculated as:

Dpwet = Dpary GF (1)
where the hygroscopic growth factor GF was calculated as:

B RH 173

GF=(1+k2) @)
During aerosol hygroscopic growth, the BC core diameter and BC complex refractive index were kept unchanged, whereas
water uptake was assumed to occur in the shell. The wet shell complex refractive index was obtained by volume-weighted
mixing of the dry shell material and water, following the treatment used by He and Zhao (2025).

For each particle diameter D, and wavelength A, the extinction, scattering, and absorption cross sections were calculated as:

MD3Qext(Dp. A)

Cent(Dp A) = —% 3)
TDZQsca(Dp, A

Ca(Dp ) = %p) 0

Cabs(Dp: )\) = Cext(Dp: )\) - Csca(Dpv)\) (5)

where Qeyt, Qscar, and Qgps are the extinction, scattering, and absorption efficiencies, respectively.
The single-particle optical properties were then integrated over the particle population to derive bulk aerosol optical properties.
PNSD and BCPNSD were used as size-resolved inputs to describe the total aerosol particle population and the BC-containing

particle population, respectively. The extinction and scattering coefficients were calculated as:

bext(A 2) = JCext(Dp, A 2)N(Dp, 2) dD, ©)
bsca(\ 2) = JCsea(Dp, A, 2)N(Dp, 2) D, (7

where n(Dp, Z) is the PNSD at height z. The absorption coefficient was calculated as:
Baps(A 2) = bext (A 2) — bsca(A 2) ®
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The bulk SSA was calculated as:

bSCa(}\l Z)

SSAO\, Z) = m (9)

The bulk asymmetry factor was calculated as the scattering-weighted mean of the single-particle asymmetry factor:

J9p(Dp, A 2)Csa(Dp, A, 2)N (D, 2) dD,,
JCsa(Dp A 2)n(Dy, 2) dD,,

AOD was obtained by vertically integrating the extinction coefficient:

AOD(A) = Jbe, (A, 2)dz (11)
In this formulation, PNSD, BCPNSD, ngc, ksc, nshen, psc, CT, and MS defined the particle population and core—shell

g\ 2) =

(10)

microphysical state used in the Mie-based optical calculation. Following He and Zhao (2025), BCAE was included as a
separately prescribed, dimensionless model input used to scale the Mie-derived absorption of the internally mixed core—shell
BC-containing fraction. For each sampled set of microphysical inputs, the Mie model first calculated the scattering and
absorption efficiencies. The Mie-derived absorption efficiency of the BC-containing fraction was then scaled by BCAE, while
the Mie-derived scattering efficiency remained unchanged. The extinction efficiency was obtained as the sum of the unchanged
scattering efficiency and the scaled absorption efficiency. The particle-level optical contributions were subsequently integrated
over PNSD and BCPNSD to obtain the bulk scattering, absorption, and extinction coefficients. SSA was calculated from the
bulk scattering and extinction coefficients, and g was obtained as the scattering-weighted mean of the single-particle
asymmetry factor. In the sensitivity analysis, BCAE was varied as a separate input factor; consequently, the scaled absorption
was jointly determined by BCAE and the sampled core—shell microphysical state. The k and RH values were used to account
for aerosol hygroscopic growth before the optical calculation. VD was not used in the single-particle Mie calculation. After
the Mie-based optical calculation, the bulk extinction coefficient was combined with the prescribed VD to obtain layer aerosol
optical depths, which were subsequently supplied to TUV. The Mie calculations were implemented in Python using the
PyMieScatt package (v1.8.1.1). The factor settings and input structure were based on the data framework of He and Zhao

(2025), and the specific parameter settings are listed in Sect. 2.3.

2.2 TUV model

The TUV radiative-transfer model was used to calculate the near-surface J(NO) (Madronich and Flocke, 1999). This study
used a Mie-TUV framework in which Mie-derived aerosol optical properties were supplied to the radiative-transfer model,
with J(NO2) as the target output. TUV calculates wavelength-dependent actinic flux under prescribed solar geometry,
atmospheric absorption, aerosol optical properties, VD, and surface reflection. Cloud-free conditions were used to isolate the
effects of aerosol-related and environmental factors on J(NO»).

The photolysis frequency of NO; was calculated as:

C 20.)=05 L. L,.)C..) (12)

7
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where 0 (A, T) is the NO> absorption cross section, ® (A, T) is the NO: photolysis quantum yield, and (A z,t) is the
actinic flux at wavelength A, height z, and time t. The integration was performed over the wavelength range relevant to NO»
photolysis. The NO; absorption cross section and quantum yield were taken from the JPL evaluation 19 (Burkholder et al.,
2019), and the output at the lowest model layer was used to represent near-surface J(NO>).

The TUV inputs relevant to aerosol radiative effects included AOD, SSA, g, surface albedo, VD, the extinction Angstré')m
exponent (0ext), and the absorption Angstrém exponent (AAE). The observation-derived SSA at 525 nm (SSAs»s) constrained
the partitioning between aerosol scattering and absorption at the reference wavelength. Following established Angstrém
power-law representations of acrosol extinction and absorption (Bergstrom et al., 2007; Russell et al., 2010; Moosmiiller and
Chakrabarty, 2011), aext and AAE were used to describe their respective wavelength dependences. Together with SSAs»s, these
spectral exponents were used to derive wavelength-dependent SSA over 280—420 nm for the TUV calculation of J(NO2)
(Doherty et al., 2022; Kayetha et al., 2022). The prescribed g controlled the angular redistribution of scattered radiation.
Surface albedo provided the lower boundary condition for surface reflection. VD was used to allocate column aerosol
extinction to different model layers, so that the vertically integrated aerosol extinction was consistent with the prescribed AOD.
Although only near-surface J(NO2) was analyzed, VD was included because it affects the actinic flux reaching the near-surface
layer.

Two calculation pathways were used. In the direct radiative-input pathway, AOD, SSA, g, and surface albedo were treated as
the sensitivity-analysis variables. AAE and o.x were supplied as background spectral inputs in each TUV calculation. In the
microphysical pathway, aerosol microphysical and environmental inputs were first used in the Mie-based optical calculations.
As described in Sect. 2.1, BCAE was included as a separately prescribed input used to scale the Mie-derived absorption of the
BC-containing fraction, and the resulting scattering and absorption contributions were integrated to obtain the bulk aerosol
extinction, scattering, and absorption coefficients, SSA, and g. The calculated extinction coefficient was then combined with
the prescribed VD to obtain layer aerosol optical depths. These layer aerosol optical depths, together with SSA, g, and surface
albedo, were supplied to TUV as layer-resolved aerosol optical inputs for calculating actinic flux and J(NO.). This pathway
was used to evaluate how aerosol microphysical and environmental factors influence J(NO2) through their effects on aerosol
optical properties.

The TUV calculations were performed using TUV version 5.3. The model was configured with the site information, date, solar
geometry, gas column settings, aerosol optical inputs, surface albedo, and vertical grid settings listed in Sect. 2.3. The overall
workflow was as follows: when required, aerosol microphysical inputs and the separately prescribed BCAE scaling input were
used in the Mie-based optical calculation to obtain the bulk extinction coefficient, SSA, and g; the extinction coefficient was
then combined with VD to obtain layer acrosol optical depths, which were supplied to TUV together with SSA, g, and surface
albedo to calculate wavelength-dependent actinic flux; finally, J(NOz) was obtained by integrating the product of actinic flux,
the NO2 absorption cross section, and the quantum yield over wavelength. The detailed implementation of the CP sensitivity

analysis was based on He and Zhao (2025) and is described in Sect. 2.5.
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2.3 Data sources

The input data used in this study were organized according to the two calculation pathways described in Sect. 2.2. The direct
radiative-input dataset included AOD, SSA, g, surface albedo, AAE, and aex, which were supplied to TUV. The aerosol
microphysical and environmental dataset was adapted from the publicly available supporting data of He and Zhao (2025) and
reorganized for the Mie—-TUV calculation of J(NO). This dataset included PNSD, BCPNSD, refractive indices, psc, CT,
BCAE, MS, k, RH, VD, and surface albedo.

AOD and surface albedo were obtained from MODIS products (Levy et al., 2013; Schaaf et al., 2002). The scattering and
absorption coefficients used to calculate SSA were obtained from observations at the Peking University Changping site.
Because aerosol scattering was measured at 525 nm and the nearest available absorption channel was 520 nm, SSA at 525 nm
was approximated as:

bsca,525

SSAs5 = (13)

Bscas25 + Dans 520
where by, sos and by sy denote the scattering coefficients at 525 nm and the absorption coefficient at 520 nm, respectively.
g was constrained following the aerosol optical parameterization of Zhao et al. (2018). The site information, simulation date,
wavelength range, gas column settings, aerosol optical inputs, surface albedo, and vertical grid settings used in TUV are
summarized in Table 1.

In the microphysical pathway, PNSD and BCPNSD were used to describe the size-resolved aerosol and BC-containing particle
populations. Refractive indices and psc defined the optical response of BC-containing particles. CT and MS described the
prescribed BC coating thickness and mixing state, respectively, whereas BCAE was included as a separately prescribed,
dimensionless scaling input used to scale the Mie-derived absorption of the BC-containing fraction for each sampled core—
shell microphysical state, as described in Sect. 2.1. k and RH were used to account for hygroscopic growth before the Mie
calculation. VD was used to distribute aerosol extinction with height before the TUV calculation.

Table 1 summarizes the sensitivity-analysis parameters and main model settings used in the direct radiative-input and
microphysical analyses. For scalar variables, the representative value or uncertainty range is given directly. For size-resolved
or height-resolved variables, such as PNSD, BCPNSD, CT, BCAE, RH, and VD, “/” is used in the table because these inputs
are multi-dimensional arrays rather than single scalar values. The original size-resolved and profile-resolved data were used
in the calculations.

Based on the above input configuration and modelling framework, the simulations were performed as follows. For the direct
radiative-input analysis, AOD, SSA, g, and surface albedo were prescribed directly in TUV together with the model settings
listed in Table 1 to calculate near-surface J(NOz). For the microphysical analysis, the microphysical inputs, k, RH, and the
separately prescribed BCAE scaling input were used in the Mie-based optical calculation to obtain the bulk extinction
coefficient, SSA, and g. The extinction coefficient was then combined with VD to obtain layer aerosol optical depths, which

were supplied to TUV together with SSA, g, and surface albedo to calculate near-surface J(NO:). The sensitivity-analysis
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261 procedures were then applied to the corresponding input variables, while the detailed CP implementation followed He and
262  Zhao (2025).
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263 Table 1. Sensitivity-analysis parameters and main model settings used in the direct radiative-input and aerosol microphysical

264  analyses.

Analysis level Parameter Meaning Value or range Source or setting
Direct radiative input  AOD Aerosol optical depth 0.2619 + 0.2411 MODIS
Direct radiative input  SSAss Single-scattering albedo at 525 nm 0.9200 + 0.0470 Changping observations
Direct radiative input g Aerosol asymmetry factor 0.6390 + 0.0490 Zhao et al. (2018)
Radl?t.l ve  boundary Surface albedo Surface reflectance 0.1425 +0.0010 MODIS
condition

40.2457° N, Peking University
Model setting Location Simulation site 116.1934° E; . .

Changping site

92 ma.s.l.
Model setting Date and time ~ Simulation time 1 May, local noon This study
Model setting y;/rzli;eelength Spectral range for J(NO) calculation 280-420 nm TUV setting
A.erosol . PNSD Particle number size distribution / He and Zhao (2025)
microphysical factor
Bl‘ack-carb‘on BCPNSD B‘lac!(-ca.rbon particle number size / He and Zhao (2025)
microphysical factor distribution
Aerosol optical factor nsen Real part of shell refractive index 1.58 +0.20 He and Zhao (2025)
Black-carbon optical L
factor npc Real part of BC refractive index 1.67+0.36 He and Zhao (2025)
Black-carbon optical . .
factor kac Imaginary part of BC refractive index 0.67+0.35 He and Zhao (2025)
Blacl.(-carbon PBC Black-carbon density 0.95+0.30 He and Zhao (2025)
physical factor
Mixing-state factor ~ MS Aerosol mixing state 0.70 £ 0.30 He and Zhao (2025)
Coating factor CT Coating thickness / He and Zhao (2025)
BC absorption- BCAE Black-carbon absorption enhancement ~ / He and Zhao (2025)
enhancement factor
Hygroscopic factor Hygroscopicity parameter 0.22+0.20 He and Zhao (2025)
Environmental factor RH Relative humidity / He and Zhao (2025)
Vertical-structure VD Aerosol vertical distribution / He and Zhao (2025)

factor

265 Note: “/” indicates that the corresponding values are two-dimensional or higher-dimensional inputs and therefore cannot be represented by
266  a single scalar in the table. Detailed data for these inputs are available from the public data support of the previous study (He and Zhao,
267  2025).
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2.4 OAT sensitivity analysis

The OAT method was used as the conventional local sensitivity analysis. In OAT, one input factor was perturbed while all
other factors were fixed at their reference values. For a multi-factor system, the model output can be expressed as:

= ( )r = [ 1 2y ]T (14)
where Y represents the model output and X is the vector of input factors. In this study, Y is the NO; photolysis frequency

J(NO»). Around a selected reference state A, the local response of f(X) to the ith factor can be described by the first-order

derivative:
of(X)
Sioat = ( XA (15)
0X;
For the present application, this sensitivity is written as:
dJ(NO,)
i,0AT = Tk (16)
|

The OAT method is computationally efficient and intuitive because it directly evaluates the response of J(NO») to a selected
factor. However, because the other factors are fixed during each perturbation, OAT represents a local response around the

selected background state and does not explicitly quantify factor interactions.

2.5 CP method

CP method was applied following a previously developed framework (He and Zhao, 2025). In CP method, an unconstrained
Monte Carlo simulation is first performed with all input factors varying within their prescribed ranges. A second Monte Carlo
simulation is then conducted by constraining the range of one target factor x;, while the ranges of the other factors are retained.
The sensitivity is calculated from the change in the output variance caused by constraining x;.

If the standard deviation of the model output changes from o, to ¢’y after constraining x;, and the standard deviation of x;

changes from o, to 6'xi, the CP sensitivity is defined as:

2 12 2
oy —0a' doj
i,CP \/O_Ei _ O_.Ei \/dG)Z(i ( )

In this study, Y corresponds to J(NO>), so the CP sensitivity can also be written as:

do?
Sicp = pa (18)
Xi

Compared with OAT, the CP method evaluates the response of J(NO2) under simultaneous variations of multiple factors.

Therefore, differences between CP and OAT sensitivities provide information on nonlinear responses and factor interactions.

2.6 Pairwise interaction evaluation using the CP method

The interaction associated with each factor was evaluated by comparing OAT and CP sensitivities. The derivation follows a

previous interpretation of the CP method (He and Zhao, 2025). The output variance of a multi-factor system can be decomposed
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into the contribution from individual factors and the covariance-related contribution from factor interactions. For the model
output Y = f(X), the output variance can be expressed as:
—$N 2
GYZ = ZJZlSJ ijz + Zj<k|jk + (19)
After constraining the range of the target factor x;, its variance changes from o to 6’2, and the output variance changes from

o,* to ¢’y The constrained output variance can be written schematically as:

oy’ = zj#iSjZGXj2 +8;70' 7 + T + (20)
Therefore, the change in output variance caused by constraining x; is:
2= 2 2 1))
According to the CP definition:
Agy?
Sice” = — 2 (22)
0y2 —0'y,
The CP sensitivity can therefore be interpreted as the local OAT contribution plus an interaction-related term:
Sice” = Sioar” + i (23)
Because the first term corresponds to the local OAT sensitivity:
ofi(X;)
Sioar = a—x (24)

The interaction-related term can be written as:

li = Sice” — Sioar” (25)
This relationship indicates that CP includes both the local single-factor response represented by OAT and the additional

contribution associated with factor interaction. When the factors are independent and the model response is approximately
linear, the interaction term approaches zero and CP gives the same result as OAT.

Following the plotting treatment used in the previous CP study, this study used the absolute difference between the OAT and
CP sensitivities to represent the relative strength of interaction (He and Zhao, 2025). The interaction associated with factor x;
and the other parameters was therefore calculated as:

interaction; = |S;oat — Sicp| (26)
Pairwise interaction analysis was also used to identify factor combinations with stronger interaction, following the same CP—

OAT comparison framework. For the pairwise analysis, two factors were constrained together and the resulting change in CP
sensitivity was compared with the corresponding OAT-based response, so as to identify factor pairs with stronger joint effects
on J(NO»). No additional two-factor formula was introduced in the main text; the analysis was interpreted consistently with
the CP-OAT interaction framework described above.

Fixed-factor experiments were further conducted to examine whether the sensitivity ranking depended on the background state
of key factors. Surface albedo, CT, BCAE, and k were fixed at selected levels, and the CP sensitivities of the remaining factors
were recalculated. These experiments were used to examine how surface reflection, coating thickness, BCAE, and hygroscopic

growth modulate the sensitivity of J(NO>) to other aerosol-related factors.

13



315

316

317
318
319
320
321
322

323

324
325

326
327
328
329
330
331
332
333
334

https://doi.org/10.5194/egusphere-2026-4877
Preprint. Discussion started: 21 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

3 Results and discussion
3.1 Sensitivity of J(NO) to direct radiative inputs

The direct radiative-input analysis was used to identify how AOD, SSA, g, and surface albedo directly affect near-surface
J(NO) in the TUV calculations. Among these inputs, SSA showed the largest CP sensitivity, approximately 12.0 x 1073
dJ/(dx/x), followed by surface albedo with a sensitivity of approximately 5.3 x 1073 dJ/(dx/x) (Fig. 1). The sensitivities of
AOD and g were much smaller, both close to 0.8 x 1073 dJ/(dx/x). This ranking was derived from the CP sensitivity calculation

described in Sect. 2.5 and therefore reflects the response of J(NO2) within the prescribed uncertainty ranges of the direct

radiative inputs.

g -
| cr
AOD -. [ interaction
0 2 4 6 8 10 12 14

J(NO,) sensitivity, 1072 dJ/(dx/x)

Figure 1. Sensitivity of J(NO2) to direct radiative inputs. Purple bars together with black vertical lines represent CP sensitivity, and
white bars represent interaction. The horizontal-axis unit is 10 dJ/(dx/x).

The dominant sensitivity to SSA indicates that J(NO) is strongly affected by the scattering—absorption partitioning of aerosol
extinction. Physically, SSA determines whether aerosol extinction is partitioned mainly into scattering, which can enhance
diffuse radiation, or into absorption, which attenuates actinic flux. This interpretation is consistent with previous studies
showing that absorbing aerosols can reduce near-surface photolysis frequencies and modify O3 production, whereas aerosol
types with different scattering—absorption characteristics can produce different responses in photolysis rates and ozone
formation (Li et al., 2005; Chen et al., 2023; Gao et al., 2023). Therefore, the large SSA sensitivity obtained here is not only a
numerical result from the CP analysis but also reflects the physical role of SSA in regulating the actinic-flux field.

Surface albedo also showed a clear influence on J(NOz). Although surface albedo is not an aerosol optical property, it acts as

the lower radiative boundary condition in TUV and regulates multiple scattering between the surface and the atmosphere.
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Previous work has shown that high-surface-albedo conditions can enhance upwelling diffuse radiation and affect adjustment
factors for photolysis-rate coefficients (Walker et al., 2022). The relatively high sensitivity of surface albedo in this study
therefore indicates that aerosol optical effects and surface reflection jointly control near-surface actinic flux.

The smaller sensitivities of AOD and g do not mean that these two parameters are unimportant. AOD has been shown to
attenuate J(NO») under different polluted conditions, including the eastern Mediterranean, Beijing, and suburban North China
(Gerasopoulos et al., 2012; Wang et al., 2019; Zhao et al., 2021). g determines the angular redistribution of scattered radiation
and is an important aerosol optical input in radiative-transfer calculations (Zhao et al., 2018). In the present analysis, however,
their direct CP sensitivities were lower than those of SSA and surface albedo within the adopted parameter ranges. Since SSA
and g are ultimately controlled by aerosol microphysical properties, the following section further examines the aerosol, black-

carbon, hygroscopic, environmental, and boundary-condition factors that regulate J(NOz).

3.2 Sensitivity to aerosol microphysical factors, environmental conditions, and radiative boundary conditions

For aerosol microphysical, environmental, and boundary-condition factors, relatively high CP sensitivities were found for CT,
pec, BCAE, surface albedo, ksc, and « (Fig. 2). This ranking was obtained through the Mie-TUV pathway, in which aerosol
microphysical and environmental inputs were first converted into aerosol optical properties and then used to calculate J(NO>).
Therefore, these results indicate which underlying factors most efficiently affect J(NO:) through changes in extinction,
scattering, absorption, SSA, and g.

CT showed the strongest sensitivity among the aerosol microphysical factors. CT represents the prescribed coating thickness
of BC-containing particles, and changes in CT can modify BC absorption, scattering, and SSA. Previous measurements and
modelling studies have shown that observed BC absorption enhancement varies with MS, coating conditions, and particle-
scale heterogeneity (Cappa et al., 2012; Liu et al., 2017; Fierce et al., 2016; Lan et al., 2024; Zeng et al., 2024). These studies
provide a physical basis for interpreting the high CT sensitivity found here: coating thickness affects J(NO) mainly by altering
BC optical properties and the scattering—absorption partitioning represented by SSA.

The relatively large sensitivities of psc, BCAE, and kgc further highlight the importance of BC absorption-related properties.
For a given BC mass, psc affects the volume-equivalent BC core size, ksc controls the intrinsic light-absorbing capacity of
BC, and BCAE represents the multiplicative enhancement applied to the Mie-calculated BC absorption. These parameters
jointly influence the optical properties of BC-containing particles, particularly BC absorption and the scattering—absorption
balance, within the Mie-based optical framework. The importance of these BC absorption-related parameters is consistent with
earlier model sensitivity experiments showing that BC aerosols can reduce boundary-layer J(NOz) and influence ground-level

05 under polluted conditions (Li et al., 2005).
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cT |
PBC |
BCAE |
[
kBC I
K |
MS |
I
|

|
BCPNSD |
PNSD |
nshell- I
I |
n O cp
BCF:' : interaction
0.0 0.5 1.0 1.5 2.0 2.5 3.0

J(NO2) sensitivity, 10-3 dJ/(dx/x)

Figure 2. Sensitivity of J(NO:) to aerosol microphysical factors, environmental conditions, and radiative boundary conditions.
Coloured bars together with black vertical lines represent CP sensitivity, and white bars represent interaction. The horizontal-axis
unit is 10- dJ/(dx/x).

k also showed a clear influence. The parameter k controls the intrinsic ability of particles to take up water, whereas RH provides
the environmental condition for water uptake. According to the k-Kohler framework, water uptake changes wet particle size
and consequently modifies aerosol optical properties (Petters and Kreidenweis, 2007). Tao et al. (2014) further showed that
aerosol hygroscopic growth can alter SSA and change the vertical pattern of J(NO-) responses. Therefore, the sensitivity of
J(NO») to « in this study can be understood as the optical consequence of hygroscopic growth, which modifies wet particle
size, scattering efficiency, and SSA before the TUV calculation. Surface albedo remained important because it directly controls
the lower radiative boundary rather than being derived from the Mie calculation, consistent with the direct-input results and
with previous photolysis studies involving surface reflection (Walker et al., 2022).

Some factors, such as PNSD, BCPNSD, nge, RH, and ngc, showed lower individual CP sensitivities. However, lower
individual sensitivity does not necessarily imply a negligible role, because factor interactions and changes in the background
state can modify the sensitivity ranking. These effects are further examined through the interaction and fixed-factor analyses

in the following sections.
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3.3 Influence of factor interactions on the sensitivity ranking

Interaction was evaluated as defined in Sect. 2.6 by comparing OAT and CP sensitivities. The interaction results show that the
sensitivity ranking is not only controlled by individual factor effects but also by the coupling among aerosol microphysical
properties, environmental conditions, and radiative boundary conditions (Figs. 3 and 4). This interpretation follows the logic
of the CP method, in which the difference between the local OAT response and the CP response under simultaneous factor

variation is used to diagnose nonlinear responses and factor interactions (He and Zhao, 2025).

0.22 0.16 0.39 0.15 | 0.54

0.29 0.38 0.16

0.7

0.16 0.32 0.43

Interaction (x10-3)

Figure 3. Interaction matrix among aerosol-related factors. Colours represent interaction. Brighter colours indicate stronger
interaction.

The strongest interaction occurred between CT and BCAE. This result indicates that CT and BCAE should be considered
together when interpreting their combined influence on J(NO3). This interaction is physically reasonable because CT changes

the core—shell optical structure, whereas BCAE independently scales the Mie-calculated BC absorption. Previous studies have
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shown that observed BC absorption enhancement varies with coating conditions, MS, and particle-scale heterogeneity (Cappa
etal.,2012; Liu etal., 2017; Fierce et al., 2016; Lan et al., 2024; Zeng et al., 2024). Therefore, the strong CT-BCAE interaction
obtained here is consistent with the established understanding of BC optical properties and explains why constraining only one

of these two parameters may not fully capture their combined influence on J(NO>).

Interaction pairs Mechanism Output

CT x BCAE

ngc X BCPNSD
RH x Albedo

MS x Albedo
BC coating & absorption
6.95

CT X psc
MS x CT
PNSD x pgc
Pec X VD

Nshen X Albedo
pec X Albedo 0.51

VD x Albedo 0.48

BCPNSD x BCAE 0.47
Pec X BCPNSD 0.47

Environmental &
x x BCPNSD [ Radiative modulation
PNSD x Albedo [JIZZ 3-29
kac x vo [IZENN
BCAE x RH [IIZZHN
K x Albedo [IEETIN
Npc X K m Aerosol microphysics
Nshen % pec [IEECIN 0L
0.0 0.2 0.4 0.6 0.8 1.0

Interaction (x10-3)

Figure 4. Top 20 interaction pathways among aerosol-related factors and their associated mechanisms. Colours represent interaction,
with darker colours indicating stronger interaction.

Other strong interactions involved BC size distribution, BC refractive index, psc and BCAE. These factors jointly influence
the optical properties of BC-containing particles, particularly absorption and the scattering—absorption balance, within the Mie-
based optical framework. Their interactions explain why several BC-related factors showed clear differences between OAT
and CP sensitivities in Fig. 2. In other words, the apparent importance of one BC-related parameter depends on the state of
other BC physical and optical parameters. This result is consistent with previous findings that BC absorption and absorption
enhancement are sensitive to particle-scale diversity and mixing-state representation (Fierce et al., 2016; Zeng et al., 2024).

Surface albedo also interacted with several aerosol and environmental factors. This indicates that the lower radiative boundary

condition regulates how aerosol optical perturbations are transferred to near-surface J(NO:). Under a more reflective surface,
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changes in aerosol scattering, absorption, and VD can have different impacts on actinic flux because surface reflection
enhances multiple scattering between the surface and the aerosol layer. This mechanism is consistent with the importance of
surface reflection in photolysis-rate calculations under high-albedo conditions (Walker et al., 2022).

Interactions involving RH, k, PNSD, BCPNSD, and MS further show that hygroscopic growth, size distribution, and MS do
not act independently. Hygroscopic growth changes wet particle size and SSA, while size distribution controls the weighting
of particles that contribute to extinction, scattering, and absorption. Previous studies have shown that hygroscopic growth can
strongly modify SSA and J(NO:), especially under high-RH conditions (Tao et al., 2014), and the k-Kdhler framework provides
the physical basis for linking « to wet particle size (Petters and Kreidenweis, 2007). These results provide a physical basis for

the state dependence tested by the fixed-factor experiments in Sect. 3.4.

3.4 CP sensitivity under fixed levels of key factors

To test whether the sensitivity ranking depends on the background state of key factors, fixed-factor experiments were
conducted for surface albedo, CT, BCAE, and «. These factors represent the lower radiative boundary condition, coating
thickness, prescribed BC absorption enhancement, and aerosol hygroscopicity, respectively. In each experiment, one factor
was fixed at selected levels, and the CP sensitivities of the remaining factors were recalculated (Fig. 5). These experiments
were designed to test the state dependence implied by the interaction analysis rather than to provide a single universal
sensitivity ranking.

Under fixed surface albedo, the sensitivities of CT, BCPNSD, nhei, kac, and PNSD changed clearly. This result indicates that
the surface radiative boundary condition can regulate how aerosol microphysical perturbations are converted into changes in
near-surface actinic flux. This interpretation is consistent with the role of surface albedo in controlling upwelling radiation and
multiple scattering in photolysis-rate calculations (Walker et al., 2022). Therefore, the influence of aerosol microphysics on
J(NO2) depends partly on surface reflection conditions.

Under fixed CT, the sensitivities of BCAE, BCPNSD, surface albedo, ksc, and psc changed. This behaviour shows that the
prescribed coating thickness modifies the relative sensitivities of BC size, density, and absorption-related factors. It is also
consistent with the strong interaction between CT and BCAE shown in Sect. 3.3 and with previous studies showing that
observed BC absorption enhancement varies with coating conditions, MS, and particle heterogeneity (Cappa et al., 2012; Liu
et al., 2017; Fierce et al., 2016; Lan et al., 2024; Zeng et al., 2024).

Under fixed BCAE, the sensitivities of CT, surface albedo, BCPNSD, kgc, and VD changed with the selected BCAE level.
This indicates that the prescribed BCAE level modifies the relative sensitivities of coating thickness, surface reflection, BC
size distribution, BC absorption, and aerosol vertical distribution. Since absorbing aerosols can reduce actinic flux and suppress
photolysis under polluted conditions, changes in the prescribed BCAE level can alter how other aerosol factors influence

J(NOy).
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Under fixed «, the sensitivities of surface albedo, CT, BCPNSD, PNSD, and RH varied, showing that hygroscopic growth
modulates the response of size-distribution and humidity-related factors. This behaviour is consistent with the k-Kohler
description of water uptake and with previous work showing that aerosol hygroscopic growth can modify SSA and the J(NO>)
response under humid conditions (Petters and Kreidenweis, 2007; Tao et al., 2014). These results indicate that k not only acts

as an individual factor but also regulates the pathway through which RH and particle size distribution affect optical properties

and photolysis.
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Figure 5. CP sensitivity of J(NO2) under fixed levels of key factors. Panels show results for fixed surface albedo, CT, BCAE, and k.
The horizontal axis gives the fixed level, and the vertical axis gives CP sensitivity.

These fixed-factor results support the interaction analysis by showing that the sensitivity of J(NO:) to one factor depends on
the state of other key factors. Thus, the sensitivity ranking should be interpreted as state dependent rather than as a fixed
ordering that applies to all aerosol and environmental conditions. Overall, the direct-input, aerosol microphysical,
environmental, boundary-condition, interaction, and fixed-factor analyses consistently show that J(NO2) sensitivity is
controlled by both direct optical properties and their underlying drivers. SSA and surface albedo are the dominant direct

controls, while CT, psc, BCAE, kgc, and « represent important aerosol microphysical pathways. The interaction and fixed-
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454 factor results further indicate that the sensitivity ranking is jointly modulated by coating thickness, BCAE, hygroscopic growth,

455 and the surface radiative boundary condition.
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4 Conclusions

J(NO») is a central parameter in tropospheric photochemistry and ozone formation, and previous studies have shown that
aerosol perturbations can substantially modify J(NO2). However, most existing sensitivity analyses of acrosol effects on J(NOz)
have been conducted within OAT or OAT-type frameworks, in which individual aerosol optical, microphysical, environmental,
or VD factors are perturbed separately. Such approaches mainly represent local single-factor responses and cannot fully resolve
the co-variation, nonlinear responses, and interaction effects among aerosol optical properties, aerosol microphysical
parameters, environmental conditions, and radiative-boundary factors. As a result, the sensitivity ranking and the key
parameter combinations controlling J(NO2) remain uncertain. To address this issue, this study developed a new Mie-TUV
framework incorporating the CP method to quantify the sensitivity of J(NO2) to aerosol optical properties and their related
microphysical, environmental, and boundary-condition factors.

Using this framework, we first examined the direct radiative inputs to TUV, including AOD, SSA, g, and surface albedo. The
results showed that SSA and surface albedo had the strongest sensitivities, indicating that J(NOz) is more strongly regulated
by the scattering—absorption partitioning of aerosol extinction and by the lower radiative boundary condition than by column
aerosol extinction alone. By contrast, AOD and g showed smaller sensitivities within the adopted parameter ranges, although
they remain essential components of aerosol radiative inputs.

We then extended the analysis to aerosol microphysical, environmental, and boundary-condition factors through the Mie-TUV
pathway. CT, psc, BCAE, the imaginary part of the BC refractive index, k, and surface albedo were identified as important
factors affecting J(NOz). These results suggest that aerosol effects on J(NO») arise not only from total aerosol loading but also
from variations in coating thickness, BCAE, aerosol hygroscopic growth, and surface reflection.

The interaction analysis further showed that J(NO>) sensitivity is not controlled by isolated factors alone. Differences between
OAT and CP sensitivities indicate that nonlinear responses and factor coupling can modify the sensitivity ranking. The
strongest interaction occurred between CT and BCAE, highlighting the need to jointly constrain coating thickness and BCAE.
Fixed-factor experiments further showed that the relative importance of aerosol-related factors depends on the background
state of key variables, especially surface albedo, CT, BCAE, and «.

Overall, these findings highlight the need to better constrain SSA, surface albedo, CT, BCAE, «, and VD in photolysis-
frequency calculations. Such constraints are important for improving the representation of aerosol-photolysis interactions and
for understanding the links between particulate matter and ozone pollution. The results should be interpreted within the limits
of the present Mie-TUV framework, parameter ranges, and input data sources. Future work should combine more complete
observations of aerosol optical and microphysical properties with photochemical or chemical-transport models to evaluate the

broader impacts on atmospheric oxidation and secondary pollution.
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