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16  Key Points:

17 e A Fractal Aerosol Cluster Model (FACM) was developed to better reproduce the growth
18 of the aerosol cluster and quantify its optical and aerodynamic equivalent size.

19 e The fractal geometry features of the aerosol cluster, assumed to be formulated by random
20 diffusion and aggregation of monomeric particles, leads to the larger optical and less
21 aerodynamic equivalent radius, compared to most of current model in which the aerosol
22 particles assumed to be spherical shapes.

23 o The FACM was coupled to WRF-Chem and sensitivity experiments of a heavy haze event
24 were conducted. Better performance of atmospheric visibility by FACM-WRF-Chem was

25 confirmed than the control case of WRF-Chem when comparing with the observations.
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26  Abstract

27 Aerosol particles, as crucial atmospheric components, significantly influence optical properties
28 and play an important role in climate change. Based on Lorenz-Mie's theory, the optical equivalent
29  radius of aerosol particle affects the atmosphere visibility. Traditional aerosol models, which
30 assume spherical or other geometrically regular particle shapes, significantly deviate from
31  observations in visibility simulations. In this study, the mechanism of random diffusion and
32 aggregation of monomeric particles into fractal geometrical clusters was reproduced. The Fractal
33 Aecrosol Cluster Model (FACM) was developed to parameterize the optical and aerodynamic sizes
34 of the fractal geometry of aerosol particles. Sensitivity experiments were conducted to simulate a
35  severe haze event in northern China in November 2018 by coupling FACM into WRF-Chem as
36  the experimental case (EXP) while the control case (CTR) by the original WRF-Chem. The
37  simulated near-ground PM:z s concentrations in both EXP and CTR are similar to the observations
38 (OBS). However, EXP simulated the larger extinction coefficients and lower atmospheric visibility
39 (AV), which is more closely to OBS. The average normalized mean error of AV by EXP to OBS
40 is 163.39%, compared to 421.62% by CTR. Thus, considering the fractal geometry of aerosol
41  particles significantly improves simulated AV. Furthermore, a reduction of approximately 60
42 W-m?2 in land surface shortwave radiation in EXP than those by CTR was also confirmed by
43 observations. This study of the optical properties of the fractal aerosol cluster will contribute to
44  future research of atmospheric environment and climate change forcing.

45
46 Plain Short Summary

47  Aerosol particles affect how sunlight travels through the atmosphere, influencing air quality and
48  climate. Traditional models treat these particles as solid spheres, but real-world particles—
49  especially from vehicle exhaust and industrial emissions—often form fluffy, cluster-like structures.
50  This "fluffiness" means they block light far more effectively than solid particles of the same mass.
51  Our study introduces a new model that captures this critical feature. When incorporated into a
52 weather and air quality model and tested during a severe winter haze event in northern China, the
53 new model much more accurately predicted how much light haze would block—a key factor for
54 visibility and surface temperature. Compared to traditional models, it reduced visibility errors by
55  more than half and showed that these fluffy particles reduce sunlight at the surface far more than
56  previously thought, matching real measurements. These findings explain why haze can be so dark
57  and why traditional models often overestimate visibility, improving our ability to forecast air
58  pollution and assess its climate impacts.

59

60 1 Introduction

61  Atmospheric visibility (AV) is not only a key meteorological indicator of air quality but also a
62  critical factor affecting traffic safety and human activities. It is determined by the extinction
63  coefficient, which quantifies the combined scattering and absorption of light by cloud droplets,
64  fog droplets, atmospheric molecules, and aerosol particles. Furthermore, through its influence on
65  solar radiation transfer, AV plays an important role in the surface energy balance and regional
66  climate forcing.

67  Inrecent years, severe and rapid degradation of atmospheric visibility happened in and around the
68  urban region caused by worse situation of air quality. The study by Che (2007) indicates that the
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69 AV trends of decreasing in Northern China over the past fifty years were mainly contributed by
70  emissions from human activities (Nah, et al., 2018; Zhou, et al., 2018; Wenfei, et al., 2021; H.
71 Wang, et al., 2024).

72 Most current atmospheric models, such as WRF-Chem, adopt the Lorenz—Mie theory (Mie, 1908)
73 under the simplifying assumption that acrosol particles are spherical (Fast, Gustafson, et al., 2006).
74 In this framework, the extinction coefficient is determined by the optical equivalent radius of the
75  particles (Wriedt, 2012). This spherical approximation performs reasonably well for pollution
76  events dominated by hygroscopic aerosols, which tend to approach spherical shapes under high
77 humidity due to surface tension effects (Bai, et al., 2018) .

78  However, during pollution episodes dominated by anthropogenic emissions—particularly from
79  industrial combustion, traffic, and residential heating (Panda&Das, 2017; Xu, et al., 2019)—
80  simulated AV often exhibits large discrepancies from observations, with errors reaching up to 60%
81  (von Hoyningen-Huene&Posse, 1997) . Microscopic observations have revealed that such
82  anthropogenic aerosols possess highly irregular, non-spherical geometries (Veghte&Freedman,
83 2014; Ishimoto, et al., 2019). Among these, soot and black carbon particles are particularly
84  important: they form through the aggregation of smaller monomeric spherules into chain-like or
85  cluster-like structures (Romshoo, et al., 2021). These structure have some kind of the self-similar,
86  fractal characteristics in the particle size scale range of roughly 0.1 pum - 1 pm (Strawa, et al., 1999).
87  This fractal morphology fundamentally distinguishes them from compact three-dimensional
88  objects (Tiwari, et al., 2016; Wagh, et al., 2023).

89  Recognizing the importance of particle shape, some models have incorporated non-spherical
90  representations using approaches such as the T-matrix method(Mishchenko, et al., 1996). While
91  suitable for specific regular shapes, these methods face difficulties in accurately representing the
92 complex, random structures of fractal aggregates and incur high computational costs (C. Liu, 2019).
93  More recently, several studies have attempted to refine aerosol optical parameterizations by
94  incorporating fractal geometry (E.&M., 2015; Z. Wang, et al., 2022; G. Chen, et al., 2024; X.
95  Wang, et al., 2025), collectively demonstrating that improved morphological characterization can
96  significantly enhance the accuracy of simulated aerosol optical properties (Y. Wang, et al., 2021).

97  Despite these advances, a critical gap remains: existing approaches either treat non-spherical
98  particles as three-dimensional objects with compact interiors or lack a direct, analytically tractable
99  link between the fractal growth process and the resulting optical and aerodynamic properties.
100  Moreover, most fractal aerosol schemes have not been online coupled into regional meteorology—
101 chemistry models, limiting their ability to capture the fully interactive aerosol-radiation—
102 meteorology feedbacks that are crucial during heavy haze events.

103 To address these gaps, this study develops the Fractal Aerosol Cluster Model (FACM). First, we
104  employ a Diffusion-Limited Aggregation (DLA) algorithm to simulate the growth of aerosol
105 clusters from monomeric particles, confirming their fractal geometry via box-counting analysis.
106  Second, we derive explicit analytical relationships between the fractal dimension, the radius of
107  gyration, and the optical and aerodynamic equivalent radii of fractal clusters. These relationships
108  are then parameterized into the FACM. Third, we online couple FACM into the WRF-Chem
109  model (V4.3) and conduct sensitivity experiments for a severe winter haze event over the North
110 China Plain in November 2018. Finally, we validate the model against extensive ground-based
111  observations, focusing not only on PMa.s concentrations but critically on atmospheric visibility
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112 (AV) and surface shortwave radiation (SSR) —two variables directly governed by aerosol optical
113 properties.

114  In summary, this study advances beyond prior work on fractal aggregates in several key aspects.
115  First, we develop the Fractal Aerosol Cluster Model (FACM), a parameterization scheme that
116  establishes explicit analytical relationships between fractal dimension, radius of gyration, and
117 optical/aerodynamic equivalent radii, making it readily applicable in regional climate and
118  chemistry models. Second, for the first time, we online couple this fractal aerosol optical scheme
119 into the WRF Chem model, enabling integrated simulations of aerosol-radiation—meteorology
120  interactions during complex pollution episodes. Third, our simulation and validation results
121 focuses not only on commonly examined variables such as aerosol optical depth, but specifically
122 on atmospheric visibility (AV) —a critical environmental and safety indicator—using dense
123 ground based observational networks to quantitatively demonstrate the improvements achieved.
124  Finally, we evaluate the impact of fractal morphology on surface shortwave radiation (SSR)
125  simulations, directly linking our findings to the assessment of aerosol radiative forcing, a core
126 issue in climate research. These innovations collectively demonstrate the value of accounting for
127  fractal geometry in both air quality forecasting and climate effect assessments.

128 2 Fractal Features of Aerosol Cluster and the Mechanisms in Fractal Aerosol Cluster Model

129 2.1 Growth Simulation and fractal dimension Calculation Method of Aerosol Cluster

130 Microscopic observations have shown that non-spherical aerosol particles—such as soot and black
131 carbon—form through the random diffusion and aggregation of smaller monomeric spherules into
132 cluster-like structures. This aggregation process can be effectively simulated using the Diffusion-
133 Limited Aggregation (DLA) algorithm (Halsey, 2000). In this study, we apply the DLA algorithm
134 to generate aerosol clusters across various spatial scales, following these steps (Halsey, 2000):

135 (1) Place an initial monomeric particle at the center of the simulation domain as the seed for

136 cluster growth.

137 (2) Randomly release a second monomer (assumed to have the same diameter as the seed, a
138 physically reasonable assumption given the consistent formation conditions of monomers)
139 within a spherical region centered on the existing cluster, allowing it to undergo Brownian
140 motion.

141 (3) If the new monomer moves beyond a prescribed maximum distance R;,y, it is considered to
142 have escaped and is removed; return to step (2). If it moves into a grid cell adjacent to the
143 existing cluster, it attaches with a certain probability, forming a composite structure.

144 (4) Repeat steps (2) and (3) until the cluster reaches a specified number of monomers N.

145 Following this procedure, we obtain aerosol clusters with complex, irregular morphologies (Figure
146 la—c; DLA code provided in the Supplement).

147 To quantify the geometry of these simulated clusters, we calculate their fractal dimension using
148 the box-counting method (Liebovitch&Toth, 1989). The three-dimensional space enclosing the
149  cluster is partitioned into boxes of side length 1. Let N(I) denote the number of non-empty boxes
150  that contain part of the cluster. The fractal dimension Dy is then defined as (Kenneth, 2003) :
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. InN(
151 Df=11mn )
r-»0 —Inl

eq.1

152 For the clusters generated in this study, applying eq. (1) yields a fractal dimension of
153 approximately 2.1 (Figure 1d), confirming their fractal nature.

154 It is crucial to emphasize that the fractal dimension D¢ describes the scaling exponent of the
155 cluster's mass (or number of monomers) with respect to its characteristic size, not its "embedding
156  dimension" in three-dimensional space (i.e., the intuitive notion of "solidity" or
157  "dimensionality"). A cluster with D¢ close to 1 remains a fully three-dimensional structure, but
158  with extremely sparse mass distribution and highly developed internal voids. This distinction is
159  fundamental for correctly interpreting the theoretical derivations in this study.

160  Mathematically, the Hausdorff dimension D¢ can take non-integer values less than 1 (e.g., the
161  Cantor set, D= 0.63 ). In aerosol research, although most experimental observations
162 report D¢ values for soot aggregates in the range of 1.7-2.4 (Sorensen, 2001), highly chain-like
163 structures with D¢ close to 1 -- or even slightly below 1 -- are theoretically possible under very
164  early nucleation stages or specific confined diffusion conditions. Our model formulation (eq. 2) is
165  mathematically fully compatible with the cases where D¢ < 1, demonstrating the generality and
166  extensibility of the parameterization scheme.

167 It is important to note that the fractal dimension obtained from the DLA simulations (D¢ = 2.1)
168  represents the structure of freshly generated soot aggregates under ideal free-coagulation
169  conditions, without any external compaction. However, in the real atmosphere, aerosols undergo
170  aging processes — including condensation, coagulation, and hygroscopic growth — which
171 gradually compact the clusters and increase their fractal dimension toward 3. For example,
172 laboratory studies have shown that fresh soot (Df = 2.1) can reach Dy = 2.8 after coating with
173 sulfuric acid and exposure to high humidity (Zhang, et al., 2008). Therefore, for our case
174  simulations over the North China Plain (winter haze, relatively aged aerosols), we adopted a
175  representative value of Dy = 2.7 as a physically based engineering approximation. This choice is
176  not inconsistent with the DLA result; rather, it reflects the more compact state of ambient aerosols.
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178  Figure 1. simulated fractal aerosols of different scales by DLA and calculation of their fractal dimensions

179 a: microscopy photography of an aerosol cluster (Panda&Das, 2017). b: Schematic diagram of the aerosol
180  agglomerate model. c: those simulated by the DLA to be the non-spherical fractal cluster with monomer counts
181 of 100, 300, 500, and 1000. d: the fractal dimension of non-spherical fractal cluster above by Box-counting
182 method, given by the slope of the linear fitting, side length of each three-dimensional box was denoted by I.

183 2.2 Mathematical Principles of the Fractal Aerosol Cluster Model

184 Radius of gyration (Rz). Numerous observations have established that aerosol clusters can be

185  regarded as aggregates formed through the coagulation and growth of approximately homogeneous
186  spherical monomer particles.

187 The radius of gyration, denoted by Rg, is the characteristic measure of the overall spatial extent
188 of such a fractal aggregate. It is important to note that R, is not intended to represent the outermost

189  boundary distance (i.e., R,,,c) of the cluster; rather, it serves as a statistical scale that describes
190  how mass is distributed around the center of mass. For a fractal cluster, the fractal dimension Dy is
191 related to Rq through a fundamental scaling law (Sorensen, 2001) :

6
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192 N =k, (Rg)Df eq.2

a
193 which directly implies the power-law relationship:

1
194 Rg o NPt eq. 2’

195 Here, N is the number of monomers comprising the cluster, a is the monomer radius, and kg is a
196  fractal prefactor of order unity (Sorensen, 2001).

197 This study strictly adheres to the classical definition of R, established in the field of light scattering
198 by fractal aerosol aggregates (Sorensen, 2001; Heinson, et al., 2016). It should be noted that
199  Equation (2) is an empirical scaling law in fractal scaling theory; its primary role is to reveal power-
200  law relationships, and constant factors (such as kq or \/ﬁ) do not affect the scaling exponent.The
201 core physical implication of Eq. (2) is that the dependence of R on N is entirely governed by the
202  fractal dimension Dy:

203 when Df=3 (compact sphere), we have Ry oc N*/3 | consistent with the volume-scale
204  relationship of classical three-dimensional objects.

205 when D¢ < 3 (fractal object), we have Ry N/Pt meaning that R, grows significantly faster

206  with increasing N than in the compact sphere case. This accelerated growth mathematically
207  embodies the "porous" or "fluffy" structure characteristic of fractal aggregates.

208  This power-law relationship serves as the logical foundation for all theoretical derivations in this
209 study.

210  When a cluster grows isotropically, the distance from its center of mass to the center of an
211 outermost monomer can be approximated by the radius of gyration Rg. This approximation is
212 widely adopted in fractal aerosol studies (see the schematic illustration in Sorensen, 2001, Figure
213 4)and is justified by a clear scale separation: the monomer radius a is typically one to two orders
214 of magnitude smaller than Ry (i.e., Rg/a ~ 101-102%). Consequently, any constant factor (such as
215 the ratio Rg/Rp,, ) that arises from this approximation is independent of N and D¢ and
216 does not affect the power-law scaling exponents that are the central focus of this study.

217  Specifically, when the fractal dimension of the cluster is 3, the overall structure is compact, with
218 o voids inside. At this point, for a spherical cluster, its volume Vg, 5 is given by:

_ . i 3 i 3 17
219 Vsphz = N ;T 31‘[Rg eq.2
220  Thus,
1
221 Rg xa- N3 eq. 2"

222 It confirms that the fractal dimension is the scaling exponent in the power-law relationship between
223 the gyration Radius and the number of monomers.

224  The density of an aerosol cluster (ps.;): The structure of an aerosol clusters can be considered
225  to be a composition of aggregated monomers with air-filled voids interspersed. The cluster density
226  pgra Needs to be calculated based on the densities of the constituent monomers p, and the air p,ir,
227  weighted by the respective volume fractions they occupy within the cluster structure.
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Mot _ Mp+Myoid — Po-Vm+Pair' (Vtot—Vm)

228 = = eq.3
Pira Viot Viot Viot 4
229 Here, Vior = Vy0iq + Vi denotes the total volume of an aerosol cluster, with V,,4;4 referring to the
230  void volume and V,, to the material volume. V;,; can be expressed in terms of the gyration
231  Radius as:
4 3

232 Viot = EnRg eq.4
233 The material volume occupied by the monomers within the cluster is given by:
234 Vi =N -gna3 eq.5
235 By combining eq. 3 to eq. 5, we obtain:

a3 a3
236 Pfra = Po " FN + Pair(1 — FN) eq.6

g g
237 By combining with eq. 2’, we can derive:

Df-3 Df-3
238 Pfra € Po - Rg 2+ pair(1— Rg ) eq.7

D¢—3 D¢—3
239 Pfra € Po N P+ pair(1 —N Pr) eQ-7,
240 By eq. 7, it is obvious that when D¢ = 3, pg5 does not change significantly while N varies. This
241 means that for a three-dimensional aerosol cluster, i.e., densely polymerized by monomers with
242 almost no voids between them, the averaged density pg., does not changed significantly with the
243 aggregation scale of the particle size. pg-5 is linearly proportional to the monomer density.
244 Pfra X Po eq.7"
245 While, if Dy < 3, assuming the overall fractal dimension of the cluster remains constant during
246 growth, the cluster density pg, tends toward the air density p,;, as the number of monomers N
247  increases.
248 In fractal clusters, a decrease in the fractal dimension corresponds to a reduced contribution of the
249 monomer volume within the total apparent volume of the cluster. When the fractal dimension is
250  small, the volume occupied by the monomers increases more slowly with increasing N than the
251  apparent three-dimensional volume of the cluster. Since both py and p,;, are constants, it follows
252 that:

D¢-3
253 Pfra < N Df eq. 7"
254  Aerodynamic equivalent radius (R,.). The aerodynamic equivalent radius R, of an aerosol is
255  defined as the radius of a sphere with standard density pgq (1 g cm™) that exhibits the same
256 terminal settling velocity v as the particle under consideration (Hinds&Zhu, 2022). By definition,
257  during aerosol settling in air, when the particle’s settling velocity reaches v, the gravitational
258  force is balanced by the aerodynamic drag force:
259 Mot " 8 = Farag = xR eq.8
tot " 8 drag Cc(R) q-
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260  Here, R represents the characteristic size of the particle, which in the original reference typically
261  refers to the radius of a sphere having the same volume as the particle (i.e., the volume-equivalent
262 radius, R,,); x is the dynamic shape factor, introduced to correct for the drag force deviation due
263 to non-sphericity; C.(R) is the Cunningham slip correction factor; 1 is the dynamic viscosity of
264  air; and v is the terminal settling velocity of the particle.

265  In classical aerosol mechanics, the characteristic size R in Eq. (8) is typically taken as the volume-
266  equivalent radius R, of the particle (Hinds & Zhu, 2022). However, for clusters with fractal
267  structures that contain substantial internal voids, the material volume is much smaller than the
268  apparent volume, and the volume-equivalent radius cannot reflect the true spatial extent of the
269  cluster or its interaction with the fluid. Therefore, in this study, we adopt the radius of
270 gyration Ry as the characteristic size—a geometric parameter that not only characterizes the
271 overall size of the cluster but also directly couples with its internal structure through the fractal
272 dimension D¢ and the number of monomers N. This approach has precedent in fractal aerosol
273 research (Sorensen, 2001; DeCarlo et al., 2004). The core idea is to use the same set of physical
274 quantities (Pg,, Rg) to simultaneously describe both the mass and the hydrodynamic characteristic
275 size of the cluster, thereby establishing a clear analytical link between macroscopic settling
276 behavior and microscopic fractal structure. Substituting m, = pga - (4/ 3)1‘[R§ into Eq. (8) and
277 retaining Ry as the characteristic size in the equation. Based on the total cluster mass my and the
278  empirical formula for aerosol drag force (DeCarlo, et al., 2004) in the atmosphere, further
279 derivation yields:

280
4 3 __ 3mvrsxRg
281 Pfra " ET[Rg ‘g = TRg)

eq.9
282 Heremn, C.(Ry) and x is the same as those in eq.8. For particles with irregular shapes, the dynamic
283  shape factor is almost always greater than 1, whereas it equals 1 for spherical particles. Therefore,

284  the terminal settling velocity v is given by yields expression as:

4pra'8'Cc(Rg)
285 Vs =—ragn_xc &Ry’

eq.10
286  According to the definition of, the aerodynamic equivalent radius (R, ), the following relationship

287  holds for the corresponding equivalent spherical particle:

4 -g:Cc(R.
288 Vrs = %ﬂdae)- R,.> eq.11

289  Since vy in eq. 10 and eq. 11 is identical, combining and simplifying the two equations yields:

_ [[c®p 1
290 Rae = m Pfra? Rg eq12

291  The expression under the square root in eq. 11 is assumed to be approximately constant and is thus

292 simplified as a linear coefficient, denoted by C”’. By considering eq. 2'and eq. 7", we obtain:
Df—l D¢—1

293 Rae & C"-NZPf orRye o C" - R, eq.13

294 It can be observed that:

295 1) when D¢ = 3, Rye X Rg. In this case, the aecrodynamic equivalent radius is linearly related to
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296 the gyration radius.

297  2) when 1 < D¢ < 3, the aerodynamic equivalent radius R, increases with the gyration radius
298 R, but their growth rates are not of the same order of magnitude. R, increases at a significantly
299 faster rate than R ..

300 3) in the case of 0 < D¢ < 1, an increase in the gyration radius Ry leads to a decrease in the
301 aerodynamic equivalent radius R,. This indicates that when the fractal dimension of the
302 cluster is sufficiently small, it typically corresponds to a situation where the monomers within
303 the cluster are very sparsely distributed and the cluster contains many voids. As the cluster
304 progressively grows through aggregation, its terminal settling velocity under gravity in air may
305 even gradually decrease.

306 4) furthermore, in the extreme case where R approaches infinity and Dy approaches zero, the

307 cluster density p¢, approaches the air density p,i,. Under these conditions, the aerodynamic
308 equivalent radius R, approaches zero, causing the aerosol cluster to remain suspended in the
309 atmosphere despite the constituent monomer density p, being greater than the air density p,iy.

310  Optical equivalent radius (R,.). The R, of an aerosol cluster is defined as the radius of a
311  spherical particle that exhibits the same light scattering ability as the actual particle. It depends on
312 the particle’s projected area, refractive index, and the wavelength of the incident light.

313  For fractal aggregates, a practical proxy for R, is the projected area equivalent diameter—the
314  diameter of a circle having the same area as the particle's two-dimensional projection.

315 Studies have shown that for clusters with fractal dimension D¢ > 2.0, the projected area equivalent
316  diameter is correlated with the radius of gyration R (Steven N Rogak, et al., 1993). Based on this,
317  we adopt the following approximation in this study:

1

318 Roe = Ry ¢ NPt eq.14

319  Note: This approximation is based on the linear relationship between the projected area equivalent diameter and
320  theradius of gyration of fractal aggregates. Rogak et al. (1993) demonstrated through numerical simulations and
321 experimental measurements that, for aggregates with fractal dimension D¢ 2 2, the projected area equivalent
322 diameter d, ~ 1.4R,, and this proportionality coefficient exhibits weak dependence on cluster size and
323 monomer number. In this study, to focus on the derivation of scaling exponents, the proportionality coefficient
324 has been simplified to 1. This simplification does not affect the conclusions regarding the core scaling behavior,
325  and its reasonableness has been indirectly supported by subsequent observational validation of visibility and
326  radiation simulations.

327  This relationship reveals that, under fractal assumptions, the optical equivalent radius of aerosol
328  clusters follows a systematic scaling with the number of monomers N, governed entirely by the
329  fractal dimension Dy.

330  Then, we define the ratio y between the optical equivalent radius R, and the aerodynamic
331  equivalent radius.

R NDf 3-D¢
332 y=o 5= = N2 eq.15
Rae f
N 2D¢

333 It can be observed that when Dy = 3, v is a linear factor. The ratio between the optical equivalent

10
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334  radius and the aerodynamic equivalent radius does not vary significantly with N; their growth rates
335  are of the same order of magnitude. When 0 < D¢ < 3, y increases with increasing N. When the
336 cluster exhibits fractal characteristics, as the number of aggregated monomers or the characteristic
337  particle size increases, the optical equivalent radius increases at a faster rate than the aerodynamic
338 equivalent radius. (According to eq. 12, the R, may even decrease). Thus, resulting in a stronger
339 atmospheric optical scattering effect. Thus, it should be noted that in traditional spherical models,
340  the volumetric equivalent radius and the optical/aerodynamic equivalent radius are approximately
341  linearly related; however, in fractal models (Df < 3), R,e and R, are decoupled, so optical
342 calculations must use R, while processes such as sedimentation must use R .

343 It should be emphasized that Equation (15) expresses a proportionality relationship (o)
344  between Yy and the functions of N and Dy, rather than an exact equality. The implicit proportionality
345  constant in this equation incorporates physical quantities unrelated to the fractal dimension, such
346  as material density, dynamic shape factor, and slip correction factor. Therefore, the absolute
347  magnitude of y depends not only on N and D¢ but also on factors such as particle chemical
348  composition and detailed morphological characteristics. However, the core focus of this study
349  is how the fractal dimension D¢ modifies the scaling exponent of y with respect to N, i.e., logy «
350 32_—DDflogN. To clearly illustrate this scaling behavior, Figure 3a normalizes y to a reference state
f
351 atDf= 3 and N = 1; in this case, the vertical axis effectively represents log(y/Y r). After this

352 normalization, the slope of the curve for D¢ = 3 remains zero as N increases (indicating that y does
353 not vary with N), while the slopes of the curves for D¢ < 3 are strictly determined by 32_—DDf. This
f

354  demonstrates that for aerosol particles with fractal morphological characteristics, as the cluster
355  grows, the enhancement of their optical properties outpaces the enhancement of their aerodynamic
356  properties. This is the core message we wish to convey to readers through this section.

357 2.3 From Optical Equivalent Radius to Atmospheric Visibility

358  In this study, the optical equivalent radius originally derived under the spherical assumption was
359  substituted with that based on the fractal cluster hypothesis. The related optical parameters were
360  still assumed to follow the Mie theory. Thus, the aerosol extinction coefficient bey is obtained
361  (Fast, Gustafson, et al., 2006)from eq. 16,

362 bext (A, X) = X128 Q. (x5, x)mr?n(r;, X) eq.16

363  Here, n(rj, X) is the number concentration associated with size bin i (number per unit volume). In
364  the Fast] scheme applied widely in air quality forecasting models (such as WRF-Chem, applied in
365  this study), the sizes bin for aerosol particles were decided to be 8, and the specific size ranges
366  corresponding to each bin i are provided in Section 3. The Q., the extinction efficiency, is a
367  function of the wavelength A and the aerosol optical equivalent radius r;. It quantifies the ability
368  of an aerosol particle to attenuate light by comparing its extinction cross-section to its geometric
369  cross-section. Size parameter X are defined as:

370 X = 2mr/A eq.17
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371  The difference in optical equivalent radius will further result in discrepancies in the simulation
372 results of the atmospheric aerosol extinction coefficient, then the atmospheric visibility based on
373 the Koschmieder’s equation (Israél, et al., 1959):

374 VIS = K/bext eq.18

375  Here, VIS represents the horizontal visibility in the atmosphere (unit: km), and K is a constant that
376  varies with atmospheric conditions, often set to 3.912 in studies (Griffing, 1980; Ozkaynak, et al.,
377 1985).

378 3 model configure and experiment design

379 In this study, the FACM was coupled into WRF-Chem to improve the simulation of aerosol
380  visibility (AV). Numerical sensitivity experiments were set up to validation the improvement of
381 AV simulation by FACM. A severe haze event over the North China Plain (NCP) from November
382 24th to 27th, 2018, was selected as the simulation period. The model domains, as shown in Figure
383 2, primarily cover the NCP. Additionally, the cities of Shenyang and Tianjin, along with their
384  surrounding areas, were designated as higher-resolution nesting domains. Shenyang, a major
385 industrial city, is characterized by significant particulate matter emissions from combustion
386  processes. Tianjin, which serves as both an industrial region and a seaport, experiences visibility
387  pollution influenced not only by dry haze but also by sea fog.

388  Table 1 presents the model configurations and settings used in this study, detailing the different
389  pollution periods selected for simulation across various regions. The complex refractive indices
390  for each aerosol species follow the default WRF-Chem settings for the RADM2/SORGAM
391  mechanism (Schell, et al., 2001; Fast, Gustafson Jr., et al., 2006) and are kept identical between
392 the CTR and EXP simulations. Moreover, in the Fast-J photolysis scheme used in this study, the
393  aerosol size distribution is represented by eight fixed size bins on a logarithmic scale. The bin
394  boundaries, defined in terms of particle diameter, are as follows: Bin 1: 0.01-0.02 pm, Bin 2: 0.02—
395 0.04 um, Bin 3: 0.04-0.08 pm, Bin 4: 0.08-0.16 um; Bin 5: 0.16—0.32 um, Bin 6: 0.32-0.64 um,
396  Bin 7: 0.64—1.28 um, Bin 8: 1.28-2.56 pum. In our study, the eight size bins follow the standard
397  Fast-J configuration (Wild et al., 2000), covering a diameter range from 0.01 um to approximately
398 10 um on a logarithmic scale. The aerosol number concentration n(rj, X) in each size bin
399  is diagnosed online from the simulated mass concentrations within the SORGAM module, which
400  explicitly accounts for emissions, gas-aerosol partitioning, coagulation, and deposition processes.
401  This online coupling ensures that the size-resolved aerosol distribution responds dynamically to
402  meteorological and chemical changes during the simulation.

403 The original WRF-Chem case settings were designated as the control group (CTR), while the case
404  coupled with the Fractal Aerosol Cluster Model (FACM) served as the experimental group (EXP).
405  In the radiative flux simulation experiments, an additional case with zero aerosol optical depth
406  (AOD=0), designated as "Blank", was set to present an ideal scenario in which none aerosol
407 radiative effects were considered in atmosphere. The Blank group employed the same
408  meteorological initial conditions and physical parameterization schemes as the EXP and CTR
409  groups. However, it exclusively utilized the WRF model framework without incorporating
410  chemical processes or aerosol-radiation interactions. Both the CTR and EXP groups employed the
411 same model configuration and initialized by the same meteorological and chemical field data. Key
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412 meteorological variables, including near-surface air temperature, relative humidity, PM2s mass
413 concentrations, aerosol visibility (AV), and surface radiation fluxes, were compared between the
414  CTR and EXP groups and validated against observations. This comparison aimed to assess the
415 impact of aerosol particle fractal features on atmospheric optical properties.

416 It is important to emphasize that CTR and EXP are initialized with identical meteorological initial
417  conditions, boundary conditions, and physical parameterization schemes. Therefore, at the start of
418  the simulations, the meteorological fields in both experiments are the same. However, because
419 EXP incorporates the Fractal Aerosol Cluster Model (FACM), which predicts stronger aerosol
420  extinction due to larger optical equivalent radii, it modifies the atmospheric radiative transfer
421  compared to CTR. This leads to a reduction in downward surface shortwave radiation in EXP (see
422 Section 4.4 and Figure 8). The altered surface radiation affects the surface energy balance, which
423 inturn feeds back to influence near surface temperature, boundary layer stability, turbulent mixing,
424  and local circulations through the online coupled aerosol-radiation—meteorology feedback
425 mechanism in WRF Chem. Consequently, differences in meteorological variables between EXP
426  and CTR that emerge during the simulation (as shown in Figure 4) are physical feedback responses
427  arising from the different aerosol optical properties, rather than being due to any anthropogenically
428  differences in model configuration.

44°N

34°N [ ,' - { A > 116°E  118°E

39.5°N

107°E ‘ 127°E 30N

0 200 500 1000 1500 2000 2500 3000 3500 4000 117°E 117.5°E
Global Elevation (meter)
429

430  Figure 2. Model domain and the locations of urban surface meteorological observation stations (red dots):
431  Beijing (BJ), Miyun (MY), Tianjin (TJ), Baodin (BD), Shijiazhuang (SJZ), Tangshan (TS), Shenyang (SY),
432 Xiqing (XQ), Tanggu (TG) and Baodi (Bdi). The map in this and all following figures were entirely created
433 by the authors. No third-party map layers were used, so no copyright statement or credit is required.

434

435 Table 1

436 WRF-Chem model schemes options and initial setting
schemes options
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437
438
439
440
441
442
443
444

445
446
447
448
449
450
451
452
453
454

Long-wave radiation RRTMG
(Iacono, et al., 2008)
Short-wave radiation RRTMG
Aerosol chemistry RADM2/SORGAM (Schell, et al., 2001)
Aerosol optical Volume averaging mixing
Gas chemistry RADM2 (Stockwell, et al., 1990)
photolysis Fast-J (Wild, et al., 2000)
Microphysics Purdue Lin (S.-H. Chen&Sun, 2002)
Cumulus parameterization Grell 3D (Grell&Dévényi, 2002)
PBL MYNN2 (Nakanishi&Niino, 2006)
Land-surface Noah (Tewari, et al., 2004)

Domain setting

Simulated area spatial grid Time

32 km
North China Plain 24-27 November 2018
8 km

32 km
Tianjin 8 km 1-4 December 2023
2 km

32 km
Shenyang 8 km 13-21December 2016
2 km

For the numerical simulations in this study, an average fractal dimension of approximately 2.7 was
selected, based on estimates of aerosol composition ratios in the atmosphere. But it is important to
acknowledge that using the fixed fractal dimension (Df = 2.7) is a simplification. This value was
chosen as a representative estimate for the overall aerosol mixture during winter haze events in the
North China Plain, based on considerations of aging processes—including compaction due to
coagulation, condensation, and hygroscopic growth—that tend to increase D¢ over time. While this
approximation is more physically realistic than the traditional assumption of compact spheres
(D¢ = 3), it does not capture the full range of Dy variability observed under different conditions.

Observational studies has shown that the measured fractal dimension D¢ of soot particles in actual
atmospheric conditions typically ranges between 1.8 and 2.2 (Y. Wang, et al., 2017). However,
not all aerosol particles exhibit pronounced fractal characteristics. For instance, relative humidity
(RH) plays a critical role in restructuring: under high RH, hygroscopic growth can fill
intra-aggregate voids or cause structural collapse, leading to an increase in effective D¢ and a
weakening of fractal effects. This would result in slower growth of the optical equivalent radius
and reduced impacts on extinction, atmospheric visibility (AV), and surface shortwave radiation
(SSR). Conversely, under dry conditions, fractal effects are more pronounced. These
transformations have been documented in both laboratory experiments and field observations (Y.
Wang, et al., 2017; Bai, et al., 2018) .
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455 4 Results and discussion

456 4.1 optical radius of fractal aerosol clusters

457  According to the FACM theory outlined in Section 2.2, the optical properties of atmospheric
458  aerosols are closely related to the size and fractal dimension of aerosol clusters. Figure 3 illustrates
459  the relationship between the number of monomers N, the fractal dimension D¢ and vy, the ratio of
460  optical to aerodynamic equivalent radius. The value of y indicates the strength of the cluster's
461  extinction properties.

462 As shown in Figure 3a, an increase in N, which represents a higher number of monomers within
463 each cluster, leads to an enhancement in the value of y. However, when N remains constant, an
464  aerosol cluster with a larger fractal dimension D—approaching a value of 3—indicates that the
465  overall shape of the cluster is relatively symmetrical and compact, resulting in a lower y value.

466  As D¢ approaches 3, the variation in y with N gradually slows and eventually converges to a
467  constant value. In contrast, when D¢ decreases, reflecting an enhancement in the fractal
468  characteristics of the aerosol cluster, the variation in y with N increases. This suggests that aerosol
469  clusters with more pronounced fractal features exhibit stronger atmospheric optical effects.

470  As shown in Figure 3b, clusters with smaller fractal dimensions exhibit a larger discrepancy
471  between the optical equivalent radius and the aerodynamic equivalent radius as the number of
472 monomers increases. The lower values of fractal dimension of the particle cluster indicate more
473 space voids within the it, resulting in larger gyration particle size in the atmosphere; while those
474 clusters with a larger fractal dimension grow slower in gyration size and looks denser. Meanwhile,
475  the larger gyration size and less average density of the fractal particle clusters also result in the
476  stronger air resistance during settling and the smaller settling velocities, finally result in a smaller
477  aerodynamically equivalent radius.

478 It should be noted that even for a compact sphere with D¢ = 3, the value of y is not equal to 1,
479  because the material density of the particle (pg) differs from the standard density (pyq = 1 g - cm™3)
480  used in the definition of the aerodynamic equivalent radius. In this figure, the y value at Dy =
481 3 and N = 1 has been taken as the reference value y,.;. Consequently, the vertical coordinate of
482 the Df = 3 curveat N = 1 is log(y..r) # 0. However, as the core objective of this study is to reveal
483  the influence of fractal dimension on the trend of y with respect to N, this normalization allows us
484  to focus on the primary physical behavior while setting aside secondary factors.

485  Physically, a lower fractal dimension of the particle cluster indicates the presence of more void
486  spaces within it, leading to a larger gyration particle size in the atmosphere. In contrast, clusters
487  with a higher fractal dimension exhibit slower growth in gyration size and appear denser.
488  Additionally, the larger gyration size and lower average density of fractal particle clusters increase
489  air resistance during settling, resulting in smaller settling velocities and, ultimately, a reduced
490  aerodynamically equivalent radius. Thus, this explains why particle clusters with smaller fractal
491  dimensions have larger y values, which correspond to the ratio of the optical equivalent radius to
492 the aerodynamically equivalent radius.

493
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495  Figure 3. Relationship between the aerodynamic and optical equivalent radii as the number of
496 monomers increases.

497 (a) The ratioy = % as a function of N for different fractal dimensions D¢ (indicated by colors). Both axes are on a

498 natural logarithmic scale. The values in brown are normalized to a reference state at D = 3 and N = 1 (). Thus,

499 the curves illustrate the relative trend and scaling exponent (logy « 32_—DDf log N), not the absolute magnitude of y. Note
f

500 that y # 1 even for a sphere (D = 3) because the material density (py) differs from the standard density (pgq =1 g -
501 cm™3) used to define R,,. Normalizing to v, isolates the effect of D¢ on the growth rate of y.
502 (b) Comparison of R,. (blue lines) and R, (red lines) versus N. Solid lines represent R,., and dashed lines

503 represent R.. Different marker shapes correspond to different fractal dimensions Dy, as in panel (a).

504 4.2 Comparison and validation of meteorological elements.

505  Six cities located in the North China Plain—Beijing (BJ), Miyun (MY), Tianjin (TJ), Tangshan
506  (TS), Baoding (BD), and Shijiazhuang (SJZ)—along with Shenyang (SY), an industrial city in
507  Northeast China, were selected for simulation validation using observational data from stations in
508  each city. Additionally, three monitoring stations in and near Tianjin—Baodi (Bdi), Xiqing (XQ),
509  and Tanggu (TG)—provided supplementary observations.

510  As shown in Figure 4, the time series of 2-meter temperature (T2), 10-meter wind speed (WS),
511  surface relative humidity (RH), and PM2 s mass concentrations from these stations were compared
512 against simulation results from EXP and CTR. Statistical analyses of simulation errors for the
513  aforementioned variables were conducted, and the results are summarized in Table 2.
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As shown in Figure 4, the simulated time series of T2, WS, RH, and PM> 5 mass concentrations in
both EXP and CTR align well with the observational data. As explained in Section 3, the
meteorological differences between EXP and CTR shown in Figure 4 arise from the online
aerosol-radiation—meteorology feedback triggered by the FACM scheme, rather than from any
differences in initial conditions or model setup. Therefore, both EXP and CTR effectively capture
the meteorological conditions and temporal variations in mass concentrations during the
simulation period without notable discrepancies. These results demonstrate that WRF-Chem
provides a reasonable and reliable baseline simulation for the subsequent analyses in this study.

-
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Figure 4. Time series of simulated and observed WS (a), T2 (b), RH (c), and near-ground PM> s mass
concentration (d) at the Beijing station. The black squares dots represent observations, the blue lines represent
the simulation by CTR, and the red for EXP.

Table 2

T2, WS, RH and mass concentration of PM> s in CTR to the observation.

Variables Stations NME(%) NMB(%) RMSE
BJ 28.84 3.19 1.57
MY 144.93 46.75 424
. TJ 33.89 18.03 2.54
T2 (°C) BD 103.22 100.16 3.42
TS 58.08 40.00 2.45
SJZ 46.76 39.99 3.52
BJ 126.17 100.80 2.10
MY 185.35 161.13 2.27
TJ 70.71 63.21 1.57
WS (m/s) BD 120.67 111.83 1.89
TS 83.81 75.13 1.59
SIZ 173.61 149.29 3.57
BJ 4129 4070 28.46
MY 49.16 4738 35.87
RH (%) TJ 41.19 -41.19 36.64
BD 103.22 100.16 3.41
TS 39.95 -39.96 35.96
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SIZ 58.11 -57.84 36.17
BJ 47.92 3212 103.99
MY 6634 6588 12427
T 4455 3604 106.26
PM. 5(ug/m?) BD 5118 5089 160.99
TS 5133 4426 11737
SIZ 71.74 174 15715

528 Note. normalized mean error (NME), normalized mean bias (NMB) and root mean square error (RMSE)

529 4.3 Near-ground Horizontal Distribution of Atmospheric Visibility
530  4.3.1 North China Plain Case

531  Figure 5 presents the simulated and observed near-ground atmospheric visibility (AV) over the
532 North China Plain (NCP) during the severe winter haze event of November 24-27, 2018.
533  Observation stations are marked as circles, with observed AV values shown inside the circles and
534  simulated values outside.

535 Throughout the haze event, observed AV remained below 5 km at most stations, dropping to less
536 than 0.5 km during peak pollution episodes at sites such as Beijing (BJ) and Tianjin (TJ). The CTR
537  simulation (original WRF-Chem) significantly overestimated AV, with values averaging 3—10
538  times higher than observations (Figure 5a—d and blue line in Figure 5i). In contrast, the EXP
539 simulation (FACM-coupled WRF-Chem) showed markedly better agreement, both in the spatial
540  distribution at representative moments (Figure Se—h) and in the temporal evolution at the Beijing
541  station (Figure 51, red line).

542 Notably, both CTR and EXP successfully captured the spatial and temporal patterns of PM2.5
543 mass concentrations (Figure 4), indicating that the improvement in AV simulation by EXP stems
544  directly from its consideration of fractal aerosol morphology and its impact on optical properties,
545  rather than from differences in mass concentration predictions.

546  Despite the non-negligible meteorological and PMa.s concentration biases shown in Figure 4, the
547  visibility simulations in both CTR and EXP are affected by these biases in a symmetric manner —
548  because the two experiments share identical meteorological fields, emission inventories, and
549  chemical mechanisms. Consequently, the systematic difference between EXP and CTR (the red
550  vs. blue lines in Figure 5i) can be unambiguously attributed to the FACM optical modification.
551  Notably, EXP consistently yields lower (i.e., more realistic) visibility values than CTR across all
552 periods, and this improvement is large enough to be discernible even when the absolute simulation
553 errors are substantial. Thus, the meteorological biases do not undermine the robustness of our
554  conclusion that accounting for fractal geometry significantly improves visibility simulations.

555 4.3.2 Tianjin Region: Coastal Influence

556  To further investigate the role of fractal morphology under different aerosol regimes, we conducted
557  sensitivity simulations for the Tianjin region, which includes both inland and coastal stations
558  (Baodi, Xiqing, and Tanggu; Figure 6).

559  As shown in Figure 6, EXP consistently outperformed CTR in simulating AV across all three
560  stations. However, the degree of improvement varied systematically with distance from the coast.
561 At Tanggu (TG), located only 10 km from the coastline, the CTR simulation already showed
562  reasonable agreement with observations, and the improvement by EXP was relatively modest
563  (Figure 61). This can be attributed to the high humidity and sea-salt acrosol content characteristic
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564  of coastal environments, which promote hygroscopic growth and lead to more spherical particle
565  shapes—conditions under which the spherical aerosol assumption in CTR remains reasonably
566  valid.

567  In contrast, at Xiqing (XQ, ~50 km inland) and Baodi (Bdi, >70 km inland), the improvement by
568  EXP became progressively more pronounced. As distance from the coast increases, the influence
569  of marine aerosols diminishes, and the aerosol population becomes increasingly dominated by
570  anthropogenic emissions with pronounced fractal morphologies. Consequently, the CTR
571  simulation increasingly overestimates visibility, while FACM effectively captures the enhanced
572 extinction due to fractal structure.

573  We did not screen visibility observations for hydrometeors (fog, cloud, drizzle) because the
574  objective was to compare CTR and EXP under real atmospheric conditions. However, future
575  studies aiming to isolate pure aerosol effects should apply such screening (e.g., using RH
576  thresholds, cloud cover, precipitation records).

577  4.3.3 Shenyang: Industrial Emissions Case

578  Shenyang (SY), located in one of China's largest heavy industrial regions, provides an additional
579  test case dominated by anthropogenic combustion emissions—precisely the type of aerosol for
580  which fractal morphology is most pronounced.

581  During the selected winter pollution episode, the CTR simulation severely overestimated AV, with
582  deviations reaching 10-20 times the observed values (Figure 7a—d, blue line in Figure 7i). In
583  contrast, EXP achieved dramatically improved agreement, with the simulated visibility closely
584  matching observations, especially during the peak pollution period from December 19 to 21
585  (Figure 7e-h, red line in Figure 71).

586  The exceptional improvement in Shenyang—exceedingly even that seen in the North China Plain
587  case—underscores that FACM delivers the greatest benefit in environments dominated by fresh,
588  fractal-rich anthropogenic emissions, while its impact is more limited in regions where
589  hygroscopic or naturally spherical aerosols prevail.

590  4.3.4 Summary of Visibility Improvements

591  Table 3 summarizes the statistical performance of CTR and EXP across all 10 validation stations.
592 The average normalized mean error (NME) for AV was reduced from 421.62% in CTR to 163.39%
593 in EXP—a substantial relative improvement. However, the remaining absolute error is still
594  considerable, and further refinements are needed. Therefore, we conclude that FACM provides a
595  significant improvement over the spherical assumption, while acknowledging that residual
596  uncertainties remain.
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598  Figure 5. Observed and simulated near-ground distributions of AV over NCP, and the AV timeseries at station
599  BIJ. The subplot a-d show the simulation by CTR at four typical moments, the subplots e-h for EXP, simulation
600  time is displayed as local time (UTC +8); subplot i illustrates the timeseries of AV at station BJ: the black square
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601 markers (OBS) represent the observed at BJ; the blue line (CTR) stands for other by CTR and the red line (EXP)
602 by EXP simulation.
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604  Figure 6. observed and simulated near-ground distributions of AV over Tianjin, and the AV timeseries at
605  station TG, XQ and Bdi. The subplot a-d show the simulation by CTR at four typical moments, the subplots e-
606  h for EXP, simulation time is displayed as local time (UTC +8); subplot i illustrates the timeseries of AV at
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607  station TG, XQ and Bdi: the black square markers (OBS) represent the observation; the blue line (CTR)
608  stands for other by CTR and the red line (EXP) by EXP simulation.

2016-12-18T00:00:00 2016-12-19T0
- s
b,

0:00:00 2016-12-20700:00:00 2016-12-21700:00:00

B o | @

42.8°N 1"

42.3°N

41.8°N

| \ | VIS (km)
(i) 00 05 10 20 30 50 10.0 30.0
40
E 30]8Y
= 20
¥ 40
5"
Dec 1|8_00 Dec 19_00 Dec 20_00 Dec 21_00 Dec 22_00
Time
= OBS we= CTR = EXP

609

610  Figure 7. observed and simulated near-ground distributions of AV over Shenyang, and the AV timeseries at
611  station SY. The subplot a-d show the simulation by CTR at four typical moments, the subplots e-h for EXP,
612 simulation time is displayed as local time (UTC +8); subplot i illustrates the timeseries of AV at station SY:
613  the black square markers (OBS) represent the observation; the blue line (CTR) stands for other by CTR and the
614  red line (EXP) by EXP simulation.

615

616  The cross-regional comparison reveals a consistent pattern: the improvement by FACM is most
617  pronounced in environments with high proportions of fresh anthropogenic emissions (Shenyang,
618  inland Tianjin), moderate in mixed urban-industrial regions (North China Plain), and least in
619  coastal areas where hygroscopic aerosols approach spherical shapes (Tanggu). This gradient
620  provides strong evidence that the fractal morphology of aerosol particles is a first-order factor
621  governing their optical effects, and that FACM successfully captures this relationship.

622 4.4 Influence of Fractal Aerosol Clusters on the Surface Shortwave Radiation Budget

623 The influence of fractal aerosol geometry extends beyond atmospheric visibility to directly impact
624  the surface energy balance. By altering the extinction of solar radiation as it traverses the
625  atmosphere, the fractal structure of aerosol clusters modulates the amount of shortwave radiation
626  reaching the ground.
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627  Figure 8 presents the simulated daily mean surface shortwave radiation (SSR) from EXP (a), CTR
628  (b), and the “Blank” (c, aerosol-free) experiments, along with their differences. It is important to
629  clarify that the FACM correction applies to all aerosol species exhibiting fractal morphology (not
630  only black carbon); therefore, the difference shown in Figure 8d (EXP-CTR) represents the
631  additional radiative forcing due to the morphological correction, rather than the ‘black carbon
632 effect alone. The key results are threefold. First, the inclusion of fractal morphology leads to a
633  substantial reduction in SSR. The domain-averaged SSR in EXP is approximately 30 W-m2 lower
634  than in CTR, with localized reductions of 40-60 W-m™ in and around urban areas (Figure 8d).
635  Second, this reduction is comparable in magnitude to the total aerosol effect itself (CTR vs. Blank,
636  Figure 8e), underscoring that particle morphology is a first-order factor in aerosol-radiation
637  interactions. Third, and most importantly, the EXP simulation shows significantly better
638  agreement with hourly SSR observations at the Beijing station (Figure 8f) than CTR, particularly
639  during peak haze periods when SSR is lowest.

640  This observational validation is critical. It confirms that the stronger shortwave attenuation
641  predicted by FACM is not an artifact, but a physically realistic correction to the systematic
642  overestimation inherent in traditional spherical aerosol models (CTR). By more accurately
643  representing the extinction properties of fractal clusters—especially those dominated by
644  anthropogenic soot—FACM provides a more faithful simulation of the surface radiative cooling
645  effect during heavy haze episodes.

646  These findings demonstrate that accounting for fractal aerosol morphology is essential for reliable
647  simulations of surface radiation and, by extension, for assessing the climatic impacts of
648  anthropogenic aerosols.

649  Table3

650  Statistical analysis of AV by sensitivity simulation for each station in this study.
Stations NME (%) NMB (%) RMSE

CTR EXP CTR EXP CTR EXP

BJ 319.30 71.52 319.30 48.03 14.45 4.59
MY 398.73 215.05 398.73 214.90 21.69 15.94
TJ 168.82 77.40 151.18 -10.05 10.58 5.70
BD 411.67 91.30 411.68 74.85 11.95 4.62
TS 225.28 122.14 225.29 46.22 15.00 9.49
SJZ 739.25 291.33 739.25 288.11 24.32 12.45
TG 396.03 199.34 396.03 114.41 17.13 10.91
XQ 517.15 225.52 517.15 203.12 17.53 10.62
Bdi 347.54 153.90 347.54 153.90 14.37 9.27
SY 692.43 186.40 685.20 172.63 16.73 5.26
average 421.62 163.39 419.135 130.612 16.375 8.885

651
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Figure 8. Daily Averaged Downwards Surface Shortwave Radiation (SSR) distribution over North China by
simulation (a. EXP; b. CTR; c. Blank d. EXP-CTR; e. CTR-Blank) and the hourly timeseries of simulated and
observed SSR at the Beijing station (f). the black square markers (OBS) represent the observation; the blue line
(CTR) stands for other by CTR; the brown line (Blank) stands for other by Blank and the red line (EXP) by
EXP simulation.

4.5 Applicability of FACM to Different Aerosol Regimes

While this study focuses on a soot rich haze episode, it is important to consider the applicability
of the Fractal Aerosol Cluster Model (FACM) to other aerosol regimes. The FACM is expected to
yield the most significant improvements for pollution events dominated by anthropogenic
emissions, particularly fossil fuel and biomass burning, under relatively dry atmospheric
conditions. In such cases—exemplified by our main study case over the North China Plain and the
Shenyang industrial episode—aerosols such as soot and black carbon exhibit pronounced fractal
morphologies, and accounting for their fractal structure substantially improves visibility and
radiation simulations.
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667 In contrast, for regimes dominated by mineral dust or high humidity sulfate episodes, the
668  improvements offered by FACM are likely to be more limited. Mineral dust particles are irregular
669  in shape but generally compact, with less pronounced fractal characteristics; existing non spherical
670  models (e.g., ellipsoidal representations) may be more appropriate, although FACM could still be
671  tested as an alternative approach. Under high relative humidity (RH), sulfate and other hygroscopic
672  aerosols undergo substantial water uptake, becoming near spherical droplets. In such cases,
673  traditional spherical assumptions with appropriate hygroscopic growth corrections may suffice, as
674  suggested by the relatively modest improvement at the coastal Tanggu station compared to inland
675  sites in our study (see Section 4.3).

676  Therefore, while FACM provides a robust framework for fractal carbonaceous aerosols, its
677  application to other aerosol types should be evaluated carefully. Future work should focus on
678  developing morphology dependent parameterizations that can seamlessly transition between
679  fractal, compact non spherical, and near spherical representations depending on aerosol
680  composition, age, and ambient RH.

681 5. Conclusion

682  In this study, a growth model for aerosol clusters based on the Diffusion-Limited Aggregation
683  (DLA) algorithm was first applied to simulate the aggregation process of smaller monomeric
684  particles into clusters. It was demonstrated that the aerosol clusters exhibit fractal geometric
685  characteristics, supported by a cluster of previous observation studies. Then the fractal dimensions
686  of the clusters were calculated by the box-count method, and the optical and aerodynamically
687  equivalent radii of the fractal aerosol clusters were analyzed, proving that they are determined by
688  both the fractal dimension and the size of the clusters. Then these results were parameterized to
689  qualify how the fractal morphology of the aerosol particles influence the atmospheric optical in
690  Fractal Aerosol Cluster Model (FACM). Finally, FACM was coupled into WRF-Chem, and
691  sensitivity numerical experiments were conducted, with station observations used for validation.
692  The results for atmospheric visibility and surface shortwave radiation flux demonstrated the
693  superior performance of EXP compared to CTR. The main findings of this study are as follows:

694 1. The irregular shapes of the aerosol particles found in previous microscopic observations were

695 found to exhibit fractal characteristics, and it was demonstrated that the fractal dimension of
696 aerosol particles influences their optical and aerodynamic equivalent radii. The FACM model
697 was established and used to show that a value of fractal dimension lower than 3 can lead to a
698 greater ratio of optical equivalent radius to aerodynamic equivalent radius, which in turn results
699 in a higher atmospheric extinction coefficient and lower atmospheric visibility.

700 2. By coupling FACM into WRF-Chem, the impact of aerosol fractal characteristics on
701 atmospheric optical properties was confirmed through numerical sensitivity experiments and
702 observational validation. The results from EXP significantly improved the simulation accuracy
703 of WRF-Chem for atmospheric visibility. For instance, the Normalized Mean Error (NME) at
704 the Beijing station decreased from 319.3% in the CTR group to 71.52% in the EXP group. At
705 the Tanggu, Xiqing, and Baodi stations in Shenyang, the average NME decreased from 420.24%
706 in the CTR group to 192.92% in the EXP group. The NME at the Shenyang station decreased
707 from 692.43% in the CTR group to 186.40% in the EXP group.

708 3. The influence of aerosol fractal characteristics on atmospheric optical properties also affects
709 the downward shortwave radiation budget at the Earth's surface. By coupling FACM into
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710 WRF-Chem, the simulated downward SSR flux results show significant improvement
711 compared to the original model, reducing the overestimation observed in the CTR simulations.
712 Moreover, the improvement brought by FACM is more pronounced during pollution episodes
713 and in areas dominated by anthropogenic emissions, while the improvement is less significant
714 during periods and in areas dominated by natural emissions and hygroscopic aerosols.
715 Crucially, the enhanced SSR simulations in EXP have been validated against observational
716 data (Figure 8f), confirming that the stronger extinction by fractal aerosol clusters leads to a
717 more realistic representation of surface radiative forcing. This observational validation
718 underscores the physical reasonableness of the FACM framework and its value for improving
719 climate effect assessments. These findings demonstrate that accounting for fractal geometry
720 can substantially improve visibility and radiation simulations, and also provide valuable
721 insights for future research on aerosol radiative forcing in the context of global and regional
722 climate changes.

723

724  However, this research requires further development in the future:

725 1. The fractal characteristics of aerosol particles, including their fractal dimension and particle

726 size distribution, vary significantly across different sources and formation processes under
727 complex atmospheric conditions. By using a fixed Dy~ 2.7, our current approach
728 may underestimate the enhancement of extinction in very dry, fresh-soot-dominated
729 scenarios, while potentially overestimating fractal effects in high-RH,
730 hygroscopic-aerosol-dominated conditions. In future work, we plan to develop a more
731 sophisticated parameterization that accounts for the dependence of D¢ on aerosol composition,
732 age, and RH, enabling a more accurate representation of fractal morphology under varying
733 atmospheric conditions.

734 2. Itshould be noted that this study employs the simplifying assumption R, = R, when defining

735 the optical equivalent radius. This assumption is primarily based on the classic conclusion that
736 the projected area equivalent diameter of fractal aggregates is approximately proportional to
737 the radius of gyration (Steven N. Rogak, et al., 2007), and its applicability within the
738 framework of this study has been indirectly validated by comparing simulation results with
739 multi-site visibility and radiation observations. However, for aggregates with low fractal
740 dimensions (D¢ < 1.8) or highly asymmetric structures, the error associated with this
741 approximation may increase. Future work will introduce more refined parameterization
742 schemes for the optical equivalent radius, such as establishing multidimensional lookup tables
743 for Rye as a function of Ry, D¢, and refractive index based on the Discrete Dipole
744 Approximation (DDA) or T-matrix methods, to further enhance the generality and accuracy of
745 the model. In this study, the fractal dimension was approximated as a constant, which is
746 considered a reasonable assumption, but this approach will be refined in future research.

747 3. The considerable absolute errors of VIS and radiation budget remain. Further work is required
748 to address residual uncertainties.

749
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