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11 Abstract. Accurate modelling of natural dust emissions in East Asia remains challenging mainly due to complex surface
12 conditions. Previous dust schemes often exhibited diverse sensitivities of dust emission flux to friction velocity and relied
13 heavily on highly uncertain topography-based static source strength functions (S). To overcome these limitations, we
14 developed the Asian Dust Emission Scheme version 1.0 (ADES v1.0), a new semi-empirical dust emission scheme optimized
15 for the East Asian region, directly constrained by in situ micrometeorological and multi-level PM;o observations obtained from
16  the Horqin Desert area. Rather than relying on simple log-linear regression between dust emission flux and friction velocity,
17 the new scheme introduces a refined dust flux formulation by directly optimizing it against field measurements. This yields a
18 robust relationship where the dust emission flux is proportional to the friction velocity raised to the power of 1.72 (F o ul7?),
19 which contrasts with the conventional third to fourth power relationships. Furthermore, the new scheme completely eliminates
20 the conventional dependence on static source strength functions (S) and incorporates dynamic surface condition properties,
21 such as soil freezing, vegetation cover, and snow fraction, as direct reduction factors that better reflect the complex land
22 conditions of East Asia. The new scheme was implemented into the three-dimensional WRF-Chem model (version 3.9.1) along
23 with the updated dust source region map and evaluated against two distinct Asia dust events: a wintertime event in February
24 2015 and a springtime event in March 2021. The control simulation utilizing the existing schemes (GOCART, AFWA, and
25 UC schemes) exhibited severe underestimation or overestimation depending on the friction velocity and soil texture
26 configurations. Conversely, the new semi-empirical scheme significantly reduced these systematic biases, demonstrating
27 substantially improved performance in capturing both the onset and magnitude of dust outbreaks. Strikingly, the new scheme
28 effectively suppressed the chronic overestimation of PMio concentrations under strong wind conditions by accounting for the
29 realistic gentler slope of dust emission fluxes, while successfully capturing the long-range transport of dust plumes to
30 downwind regions, including the Korean Peninsula. These findings underscore that incorporating direct in situ tower
31 constraints and dynamic source maps into numerical models is essential for mitigating the long-lasting uncertainties in regional

32 dust simulations over East Asia.
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33 1 Introduction

34 Mineral dust aerosols play a crucial role in the Earth’s climate system by modulating the radiative energy balance
35 through the absorption and scattering of solar and terrestrial radiation (e.g., Park and In, 2003; Huang et al., 2014; Chen et al.,
36 2018). Beyond their climatic impacts, dust particles significantly degrade regional air quality and pose several risks to human
37 health as well as agricultural and industrial activities in downwind regions (e.g., Shinn et al., 2000; Yuan and Zhang, 2006;
38 Wang et al., 2021). East Asia, which encompasses vast arid and semi-arid regions such as the Gobi and Taklimakan deserts,
39 is one of the most prominent global sources of atmospheric dust aerosols (Sun et al., 2001; Ginoux et al., 2012). Dust outbreaks
40 in this region exhibit distinct seasonal variations, primarily peaking during spring when strong cold fronts associated with mid-
41 latitude cyclones sweep across erodible land surfaces (Zhou and Zhang, 2003; Zhou et al., 2024). In downwind regions, recent
42 observations indicate an increasing frequency of wintertime dust events reaching the Korean Peninsula (NIMS, 2024).

43 Numerical modelling utilizing three-dimensional chemical transport models (CTMs), such as the Weather Research
44 and Forecasting model coupled with Chemistry (WRF-Chem), is essential for forecasting dust transport and quantifying its
45 regional impacts (e.g., Uno et al., 2006). Various dust emission schemes have been developed and implemented into the CTMs
46 over the past few decades under different representations of physical processes using field observations and wind tunnel
47 experiments over idealized soil surfaces (Bagnold, 1941; Woodruff and Siddoway, 1965; White, 1979; Iversen and White,
48 1982; Westphal et al., 1987; Marticorena and Bergametti, 1995; Alfaro et al., 1997; Kok et al., 2014). However, accurate
49 simulation of dust emission fluxes in East Asia remains highly uncertain. This limitation stems from the diverse mathematical
50  formulations and inherent empirical parameters embedded within existing dust emission schemes (Lee and Lee, 2022). Widely
51 implemented schemes include the physically-based University of Cologne (UC) schemes (Shao, 2001, 2004; Shao et al., 2011),
52 the empirical Mineral Dust Entrainment and Deposition (DEAD) scheme (Zender et al., 2003), the Goddard Global Ozone
53 Chemistry Aerosol Radiation and Transport (GOCART) scheme (Ginoux et al., 2001), the Asian Dust Aerosol Model (ADAM)
54 (Park and In, 2003; Park et al., 2010a), and the semi-empirical Air Force Weather Agency (AFWA) scheme (LeGrand et al.,
55 2019). These schemes often demonstrate divergent sensitivities of dust emission fluxes to surface friction velocity (u,) under
56 different regions and dust intensities (e.g., Su and Fung, 2015; Fountoukis et al., 2016; Kim et al., 2021). Consequently, these
57 models frequently under- or overestimate observed PM;o concentrations during strong wind events (Su and Fung, 2015;
58 Fountoukis et al., 2016; Yuan et al., 2019; Zhao et al., 2020; Han et al., 2021; Kim et al., 2021; Lee and Lee, 2022).

59 A major source of systematic error in conventional schemes is their strong reliance on a static topography-based dust
60 source strength function (S) to determine potential dust erodibility (Ginoux et al., 2001). While this prescribed function
61 effectively identifies persistent, low-lying hydrologic basins like the Taklimakan Desert, it inherently fails to capture the highly
62 dynamic surface conditions of other prominent East Asian source regions, such as the Mongolian Plateau and the Horqin
63 Desert. In these areas, erodibility varies dramatically in response to transient land surface changes, including seasonal
64 vegetation growth, intermittent snow cover, and seasonal soil freezing-thawing cycles (Lee and Park, 2006; NIMR, 2008; Park
65 et al., 2010a; Lee et al., 2019). High-latitude deserts experience prolonged sub-zero temperatures during winter, leading to
66 topsoil freezing that strongly suppresses dust emissions-a physical constraint that static geographical maps cannot resolve (Han
67 etal., 2011; Wang et al., 2014).

68 Furthermore, existing schemes are critically sensitive to prescribed soil texture configurations and particle size
69 distributions (Lee and Lee, 2022). Physics-based schemes require highly resolved data on minimally and fully disturbed soil
70 particle sizes to simulate complex saltation bombardment and aggregate disintegration processes (Shao, 2001, 2004).
71 Unfortunately, such detailed soil metrics are rarely available with high spatial accuracy across expansive deserts, leading to
72 unstable model responses when shifting between basic soil classes (e.g., sand vs. loamy sand).

73 To resolve these limitations, we propose a new semi-empirical dust emission scheme optimized specifically for the
74 East Asian region. The foundational relationship between dust emission flux and surface friction velocity was directly

75 constrained and optimized utilizing unique comprehensive datasets collected from a micrometeorological tower deployed

2
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76 within an East Asian dust source region. Rather than extrapolating ideal laboratory wind-tunnel parameters or relying on simple
77 linear regressions, the proposed formulation directly parameterizes bulk vertical dust fluxes based on actual in situ desert
78  observations. In addition, the new scheme completely eliminates the dependence on topography-based source strength
79 functions. Instead, it incorporates monthly varying dynamic dust source maps derived from a multi-satellite detection
80 framework (Lee et al., 2025). Surface constraints unique to East Asian high-latitude geography are explicitly integrated into
81 the bulk flux calculations based on gravimetric soil moisture cohesion (Fécan et al., 1999), vegetation aerodynamic drag effect
82 (Raupach, 1992), snow cover fraction (Kurosaki and Mikami, 2004), and topsoil freezing (Lee and Park, 2006).

83 The primary objectives of this study are twofold: (1) to present the observation-constrained new semi-empirical dust
84 emission scheme (ADES v1.0), and (2) to evaluate its implementation within the WRF-Chem model against two severe dust
85 events in winter and spring. The remainder of this paper is organized as follows: Section 2 details the methodology for
86 estimating dust emission fluxes using multi-level tower measurements and describes the verification approach. Section 3
87 formulates the equations of the new semi-empirical dust emission scheme. Section 4 presents the evaluation of the stand-alone
88 version comparing it against previous schemes. Section 5 describes the integration of the newly developed dust emission
89 scheme into the WRF-Chem model and evaluates its performance for severe wintertime and springtime dust events. Finally,

90 our conclusions are presented in Section 6.

91 2 Observational Data and Dust Flux Estimation
92 2.1 Observation site and measurements

93 The observation site is located at the Horqin Desert in Naiman (42° 56'N; 120° 42°E, 367 m) in Inner Mongolia,
94 approximately 500 km northeast of Beijing, China (Fig. 1). Geographically, the Horqin Desert is a major source region for
95 Asian dust affecting the Korean Peninsula, situated closer than other major sources like the Gobi or Taklimakan Deserts. The
96 site is characterized by semi-arid climate condition with an annual precipitation of about 372 mm and potential evaporation of
97 approximately 1935 mm (Imagawa et al., 2006; Wang et al., 2013; Zhao et al., 2007; Ju et al., 2018). The landscape is
98 dominated by sandy soil containing clay (Park et al., 2011a), with open shrublands such as Caragana microphylla and Salix
99  gordejevii distributed along a gradual slope (Zhao et al., 2007).
100 The 20-m triangular lattice mast at the site is equipped with micrometeorological and dust concentration instruments.
101 At a height of 8 m, a sonic anemometer measures three-dimensional turbulent wind components (CSAT3, Campbell Sci. Inc.).
102 Vertical profiles of air temperature, relative humidity (HMP45C, Campbell Sci. Inc.), and wind speed (010C, Met One
103 Instruments Inc.) are measured at heights of 2, 4, 8, and 16 m. In addition, soil temperature (CS107, Campbell Sci. Inc.) and
104 moisture (CS616, Campbell Sci. Inc.) were measured at depths of 5, 20 and 50 cm, while surface radiation (LI200X, Campbell
105 Sci. Inc.) and atmospheric pressure (PTB110, Vaisala Co.) were collected at a height of 2 m. Dual-level measurements of PM;
106 concentrations (FH62C14, Thermo Sci.) at 3 m and 15 m heights were designed to estimate vertical dust fluxes based on the
107 gradient method. Two beta gauges operated at a flow rate of 1000 1 h'! and were calibrated every six months (Park et al., 2010b;
108 Park et al., 2011a; Park et al., 2011b; Park et al., 2016a).
109 Data were collected for approximately one year from 1 August 2011 to 28 August 2012. Raw data were sampled at
110 10 Hz, and the data were aggregated into 10-minute average dataset after conducting subsequent quality control processes (e.g.,
111 removing short-lived spikes, instrumental errors) (Park and Park, 2006; Park et al., 2011a; Park et al., 2016a). All measured
112 10-minute average data were smoothed by taking a running mean to obtain 1-hour mean data for analysis. From the data, a
113 “dust event’ was strictly defined as a period when the PM o concentration at 3 m height exceeded 200 ug m™3. Based on this
114 criterion, 232 hours of data (approximately 3.2% of the total period) were identified as dust events, with the highest frequency
115 occurring in spring (~50%).
116
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118 Figure 1. Natural dust source regions in East Asia. The yellow shading is the updated dust source region map (March), and the contour lines

119 represent the dust source regions (EROD) of the WRF-Chem model. Red symbols are measurement sites used to validate the new dust
120 emission scheme.

121 2.2 Derivation of dust emission fluxes

122 Dust emission fluxes were derived using the gradient method based on the vertical difference in PM;o concentrations
123 measured at the tower. Using the dust concentrations at z; = 3 m and z, = 15 m, along with the eddy diffusivity calculated

124 at 8 m, the dust emission flux (F,) is estimated as follows:
ac

125 Fo=-K, . (@)
126 where AC is the difference in dust concentration between the two heights and K, is the vertical eddy diffusivity at height z,
127 defined as:

_ k(z=d)u.
= F—

128 K, ©)

129 Here, k(= 0.41) is the von Karman constant, d is the zero-plane displacement height, u, is the friction velocity, and @, is the

130 dimensionless stability correction function for heat. In this study, we utilized the universal function by Dyer (1974) and Park

131 etal. (2011a) as follows:

D = (1_155)_% for 1 <0

132 P
1452 Jor ;>0

3
133 The Obukhov length scale (L) is calculated using the mean air temperature (T), gravitational acceleration (g), and kinematic

134 heat flux (W'T’) as follows:

Tu3

Tu:
135 L=—=. 4
kgw'T! )
136 Figure 2 shows the time series of dust emission fluxes estimated from the micrometeorological and dust concentration

137 measurements. The 25 to 75% interquartile range of dust emission fluxes that occurred during the dust events (232 hours)
138 appear in the range of approximately 1.0 to 10.6 pg m? s'. The derived dust emission fluxes showed a strong seasonal
139 variability, peaking in late April, which is collocated with the maximum friction velocity (up to 1.81 m s™') and near-ground
140 PMy concentration (~2000 pg m™).

141
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143 Figure 2. Time series of dust emission flux estimated from the Naiman monitoring tower measurements for the period August 1, 2011, to

144 August 28, 2012.

145 3 Asian Dust Emission Scheme version 1.0 (ADES v1.0)

146 A new semi-empirical dust emission scheme was developed based on the framework of the AFWA scheme
147 (Marticorena and Bergametti, 1995; LeGrand et al., 2019). This development incorporates the performance characteristics and
148 limitations identified in previous sensitivity simulations of dust schemes over the East Asian region (Su and Fung, 2015; Zhao
149 et al., 2020; Kim et al., 2021; Lee and Lee, 2022). The new scheme is characterized by establishing an advanced empirical
150 relationship between dust emission flux and friction velocity, achieved by directly optimizing the comprehensive flux
151 calculation equation against multi-level tower observations in the Horqin Desert. Furthermore, the new model completely
152 eliminates the conventional dependence on topography-based static dust source strength functions.

153 Due to the high sensitivity of physically based schemes (e.g., UC schemes) to soil particle size distributions in the
154 saltation and disintegration processes (Lee and Lee, 2022), the basic mass fractions of clay, silt, and sand were adopted to
155 represent the soil particle size distribution in the new scheme. To support the accurate application of the optimized flux
156 relationship, we additionally improved the calculation process of the threshold friction velocity. This comprehensively
157 modified threshold dynamically accounts for region-specific constraints such as soil moisture cohesion, vegetation
158 aerodynamic drag effect, and snow cover fraction, which act as critical environmental reduction factors suppressing dust
159 outbreaks. These physical constraints are explicitly included because East Asian dust source regions are distributed at relatively
160 high latitudes, where wintertime surface conditions strongly control dust availability. The new semi-empirical dust emission

161 scheme was initially developed and evaluated as a stand-alone box model before its subsequent three-dimensional integration.

162 3.1 Formulation of the new dust emission scheme
163 3.1.1 Bulk dust emission flux

164 The primary objective of the dust emission scheme is to calculate the bulk vertical dust emission flux (F) that is
165 integrated into the three-dimensional atmospheric model. In the new semi-empirical scheme, F is calculated from the
166 sandblasting process driven by the horizontal saltation of soil particles (Marticorena and Bergametti, 1995). To explicitly
167 account for the complex surface conditions of East Asia (Lee and Park, 2006), the final dust emission flux is calculated by
168 applying a critical reduction factor to the optimized maximum flux:

169 F=Ry -B-Fy ®)

170 where F, is the total horizontal saltation flux (detailed in Section 3.1.2), 8 is the sandblasting efficiency, and Ry, is the soil-
171 freezing reduction factor. B depends on the clay content and ranges from 1.0x10° to 1.36x10 cm™.

172 In previous parameterizations such as the AFWA scheme, a topography-based dust source strength function (S) is
173 applied to represent the potential of dust availability in the calculation of bulk dust emission fluxes (Ginoux et al., 2001;
174 LeGrand et al., 2019). However, the spatial distribution of this prescribed function exhibits inherent limitations in accurately

175 representing actual dust source regions in East Asia. Previous studies have reported significant underestimation in simulated
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176 dust emission fluxes due to the dependence on the artificially low dust source strength assigned to this region (Su and Fung,
177 2015; Lee and Lee, 2022). Therefore, the new dust emission scheme completely eliminates the dependence on the static source
178 strength function.

179 Because dust source regions in East Asia are distributed at relatively high latitudes, dust occurrence is strongly
180 influenced by topsoil freezing (Han et al., 2011; Wang et al., 2014). The impact of soil freezing (Ry,; ) is parameterized to

181 decrease linearly based on the ground temperature (7;) using thresholds derived from previous regional observations (Lee and

182 Park, 2006; NIMR, 2008):

1 ,T, > =5°C
183 Ry = 6
o Tl1+2 T, < -5 ©
100
184 yielding a 5% to 30% reduction for ground temperatures between —5°C and —30°C.
185 3.1.2 Horizontal saltation flux
186 Total horizontal saltation flux (F;) represents the mass of soil particles lifted from the ground by wind drag. The

187 saltation process is triggered when the surface friction velocity (u,) exceeds the comprehensively modified threshold friction
188 velocity (u, ). Because wind drag force is insufficient to lift soil particles infinitely, their vertical motion is typically limited
189 to a height of about 1 m. The soil particle size-dependent saltation flux is calculated based on the formulation by Marticorena
190 and Bergametti (1995) and LeGrand et al. (2019) as follows:

191

2
T Oy 2w, Prew (1 4+ 2L200) (1 - “*'i‘f’g”) Sy (d), w. > u.,(d,0,2)

Us 2

192 F, = ,
0 u, <u,,(d6,2)

(7

193 where a,,,, is the empirical proportionality constant, f,,, is the power of the friction velocity, p, is the atmospheric density,
194 and g is the gravitational acceleration. dS,,; (d) is the surface area distribution relative to the total basal surface area of the
195 soil, representing the relative contribution to the total horizontal saltation flux.

196 The sensitivity of Fy to friction velocity is strictly governed by the @ and 8 parameters. In the AFWA scheme, 1.0 is
197 adopted as the proportionality constant (@), and 3.0 is adopted as the power of friction velocity (). Previous studies have
198 parameterized this relationship using various exponents (F « ul'), typically ranging from 2 to 5 (Westphal et al., 1987; Gillette
199 and Passi, 1988; Shao et al., 1993, 1996; Shao, 2001, 2004; Zhang et al., 2008; Park and In, 2003; Fratini et al., 2007; Park et
200 al., 2011a; Park et al., 2016a). This wide range introduces significant uncertainties, frequently leading to an excessive
201 overestimation of dust fluxes under strong winds over East Asia. To resolve this discrepancy, the new scheme completely
202 replaces these conventional values with newly optimized coefficients directly constrained by field measurements (described
203 in Section 3.2).

204 The relative contribution dS,,; (d) is expressed based on the relative surface area of particles with diameter d

205 compared to the total surface area of the soil layer (Byy; ) (Marticorena and Bergametti, 1995):
206 dSp (&) = 229, ®)

Bl
207 where Bg(d) is the relative surface area for particles of diameter d, defined assuming spherical particles of equal density as:
am(d
7, Byt = La Bo(d). ©
3Pad

208 B,(d) =

209 Here, dM (d) represents the mass contribution of soil particles (clay, silt, and sand) within each size bin, p, is the particle
210 density, and d is the particle diameter. The total saltation flux is obtained by summing the fluxes calculated across all size bins

211 to estimate the aggregate vertical dust emission flux.
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212 3.1.3 Threshold friction velocity

213 Accurate initiation of saltation flux requires a refined calculation of the threshold friction velocity. Unlike simple
214 formulations that trigger emissions prematurely, u, .(d, 6, 1) explicitly incorporates East Asian surface constraints. The new
215 semi-empirical threshold is corrected to account for real ground conditions and is expressed as:

216 U (d,0,1) = u,(d) X f(8) X f(A) + Au,,, (10)

217 where u, . (d) is the threshold friction velocity for smooth, dry soil without roughness elements, f(6) is the soil moisture
218 correction function, f(4) is the roughness correction function, and Au,, is the threshold increment due to snow cover fraction.
219 The u,.(d) is derived from wind tunnel experiments as follows (Iversen and White, 1982; Marticorena and

220 Bergametti, 1995):

0.006
(Pagd)*s

221 w(d) = 0.13 (B3 (1 + )°5) /[1.928(ad™ + b)**% —11°5, (1)

222 where the empirical constants are x = 1.56, a = 1331an ¥, and b = 0.38.
223 To account for actual surface constraints, the soil moisture correction f(6) accounts for capillary forces that increase
224 particle cohesion based on gravimetric soil moisture and clay content. Fécan et al. (1999) presented an empirical relationship

225  between soil moisture and clay content obtained from wind tunnel experiments, and is calculated as follows:

226 (6) = J1 +1.21(0, - 0,)" 0, > 0 12)
1 ,0g < 0
227 where 8, is the weight of soil moisture, 8 is the soil moisture that can be absorbed before capillary forcing affects particle
228 separation, and is calculated as:
229 8 = 0.0014(100¢,) + 0.17(100c), 13)
230 where c; is the clay content obtained from topsoil (0-30 cm). The weight of soil moisture is calculated from its relationship

231 with volumetric soil moisture as follows:

= Obw
232 8y = (2.65-0.15¢5)(1-9)’ (9

233 where 0, is the volumetric soil moisture (m?® m™), p,, is the water density (=1.0 g cm™), 2.65-0.15c¢; is the soil density, and @
234 is the soil porosity.

235 The roughness correction f (4) represents wind momentum absorbed by non-erodible elements using the frontal area
236 index derived from vegetation fraction (Raupach, 1992):

237 r=+1-0.51++1+ 1002, (15)

238 where A is the frontal area index calculated as a function of vegetation fraction (v¢) and is calculated as A = 0.35 In(1 — vg).

239 Finally, the snow cover effect Au, , is incorporated following Kurosaki and Mikami (2004) as follows:

0.027 fs

240 Au, =1 02z S>>0
0

Js=0

241 where k is the von Karman constant, f; is the snow cover fraction, z, is the roughness length, and z is the reference height

(16)

242 (~10 m). When the snow cover fraction is approximately 10%, the threshold friction velocity increases by approximately 0.015

243 msl

244 3.2 Parameter optimization using tower observations

245 To isolate the fundamental relationship between dust emission flux and friction velocity, the 232 hours of identified
246 dust events from the Naiman monitoring tower were strictly filtered. Periods significantly influenced by transient land surface
247 variations were excluded, thereby minimizing the masking effects of the reduction factors. The remaining 157 hours of pure

248 dust emission flux data were utilized for parameters of the new semi-empirical dust emission scheme. To directly apply the
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249 actual in situ measurements from the source region to the new dust emission scheme, the optimal values of e, and S,q,
250  were determined by identifying the coefficients that yielded the highest correlation between the measured fluxes and the
251 theoretical fluxes calculated using Eq. (5). This approach fundamentally differs from previous studies that simply explored the
252 direct exponential relationship between friction velocity and dust flux using simple linear regression. However, for quantitative
253 comparison with these previous studies, the newly estimated parameter values were also compared with those proposed in the
254 literature (Table 1).
255 Based on the independent non-linear best-fit curve derived from the filtered monitoring tower data (Fig. 3), we
256 determined a proportionality constant (&4, ) of 0.18 and a friction velocity exponent (8,4, ) of 1.72. The relations in the
257 previous studies typically reported a steeply increasing dust emission flux with rising friction velocity (Gillette, 1977; Westphal
258 et al., 1987; Fratini et al., 2007; Zhang et al., 2008; Park et al., 2011a; Shao et al., 2011). While traditional parameterizations
259 produce a steeply increasing dust emission flux proportional to the third to fourth power of friction velocity (Table 1), the
260 newly optimized parameterization demonstrates a relatively gentler emission slope (R = 0.61).
261 This discrepancy is primarily attributed to regression methodologies and the friction velocity ranges. Previous studies
262 were constrained to a lower friction velocity range of 0.01 to 1.20 m s™!, whereas our dataset covers a wider range of 0.03 to
263 1.81 m s”!. Notably, when limiting our dataset to less than 1.5 m s’ the derived exponent sharply increased to approximately
264 4.6. This underscores that traditional models suffer from a severe overestimation pitfall under strong wind conditions due to
265 the uncalibrated extrapolation of lower-wind parameter sets.
266
T T T T 3
F . M1 (F=28.47u.241) Non-linear fit & ]
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268 Figure 3. Relationship between dust emission flux and friction velocity. The best-fit relation was found based on filtered data (n = 157)
269 during the dust events period at the Naiman tower in the Horgin Desert.
270
271 Table 1. Comparison of fitting coefficients of the flux-friction velocity relation (F = auf) between dust emission flux and friction velocity
272 obtained in different deserts.
u, range ) )
a B Measurement period Location Reference
(ms™)
0.01 3.0 0.4~1.1 2 days (30 Apr.-1 May) Gobi Desert Jugder (2019)
4 months (Nov.
9.50 3.13 0.1~1.2 Horqin Desert ~ Park et al. (2011a)

2007~Mar. 2008)
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Hunshandake
52.50 2.93 0.1~1.0 1 month (Mar. 2004) Zhang et al. (2008)
Desert
6 days (22~28 May o
4.70 3.36 0.1~0.6 Alashan Desert ~ Fratini et al. (2007)
2005)
6 months (Mar.~Apr. Eroding fields .
6.30-10.0 3.7-4.0 0.2~1.1 Gillette (1977)
1972-1975) (Texas)
273 4 Stand-alone Model Evaluation
274 4.1 Reference dust emission schemes and experimental setup
275 To evaluate the new scheme, five widely used dust emission schemes were selected for comparison: UC01, UC04,

276 UCI11, GOO01, and GA19. The UC (University of Cologne) schemes are physics-based models. The UCO1 scheme (Shao, 2001)
277 incorporates detailed physical processes including saltation bombardment and aggregate disintegration. Soil particle size
278 distributions associated with the physical mechanisms are dynamically determined as minimally and fully disturbed particle
279 size distributions according to soil type and soil condition. The UC04 scheme (Shao, 2004) simplified parameters associated
280 with saltation bombardment efficiency of dust particle. While UCO1 calculates the dust emission flux from the total saltation
281 flux for each particle size bin, the UC11 scheme (Shao et al., 2011) simplified this process by removing the fully disturbed
282 particle size distribution (y = 1) and further simplified the formulation by calculating the dust emission flux directly from the
283 total saltation flux rather than integrating across individual particle size bins. The UC schemes consider dust particle diameters
284 ranging from about 1 to 2000 pm (100 bins). These schemes, as implemented in WRF-Chem, utilize 12 soil texture classes
285 defined based on the United States Department of Agriculture (USDA) classification.

286 The GOO1 (GOCART) scheme (Ginoux et al., 2001) is a simple empirical scheme where the dust emission flux is
287  proportional to the square of 10-m wind speed (u;4,,) Whenever it exceeds a threshold friction velocity (u, ). It also relies on
288 a topography-based source strength function (S) to represent dust particle availability. The GA19 (AFWA) scheme (LeGrand
289 et al., 2019) is a semi-empirical scheme modified from Marticorena and Bergametti (1995). It calculates bulk dust emission
290 flux (Fp) as the product of total horizontal saltation flux (G), sandblasting efficiency (f), and the source strength function (S).
291 All schemes were conducted using the same meteorological and ground forcing data measured at the Naiman
292 monitoring tower to ensure a consistent comparison. Ground conditions not measured directly at the tower were supplemented
293 with external datasets. Soil texture information, a critical input for dust schemes, was obtained from the Regridded Harmonized
294 World Soil Database (RHWSD, version 1.2) at a horizontal resolution of 0.05°x0.05°. Consistent with previous studies (Park
295 et al., 201 1a; Park et al., 2016a), the topsoil (0-30 cm) at the Naiman site is characterized by sand (89%) with minor silt (6%)
296 and clay (5%) fractions for simulations. For the UC schemes, which use 12 predefined soil types, two specific soil textures
297 (sand and loamy sand) that closely represent the site’s soil texture configuration were applied in separate runs. For the GOO01
298 and GA19 schemes, the dust source strength function (S) is required (Ginoux et al., 2001; Kim et al., 2017). Following the
299 methodology used in WRF-Chem, S was calculated based on topographic relief using SRTM terrain elevation data with a 3-
300 arcsecond horizontal resolution. The function assumes that potential dust sources are located in basins with low elevation

301 relative to their surroundings:

302 S= (’”—’ﬂ")5 (17)

Zm ax~Zm i
303 where z,, 4, and z,, ; are the maximum and minimum elevations within a 10°x10° area, respectively, and z, is the local

304 elevation.
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305 4.2 Comparison of estimated and simulated dust fluxes

306 The newly developed dust emission scheme and the five reference schemes were implemented as a stand-alone box
307 model at the Naiman monitoring tower and simulated using the meteorological and surface data monitored during the same
308 period. Dust emission fluxes estimated from the 232-hour dust events identified at the tower were compared and evaluated
309 against the simulated results (Fig. 4). The dust emission fluxes simulated by the new model, which reflects the best-fit
310  relationship optimized directly from the Naiman tower observations, aligned well with the range and distribution of the
311 measured dust emission fluxes (Fig. 4a). In contrast, the five reference dust emission schemes exhibited varying tendencies of
312 severe over- or underestimation. The UCO1 and UC04 schemes consistently demonstrated a tendency to underestimate the
313 measured dust emission fluxes over sandy textures, and their overall simulation performances were remarkably similar (Figs.
314 4b-c). These results are consistent with previously reported evaluations of the dust schemes in the East Asia region using 3-
315 dimensional chemical transport models (Zhao et al., 2020; Lee and Lee, 2022). The simulated dust emission fluxes of UC11
316 fell within a similar range to the measurements but exhibited an exaggerated sensitivity as the friction velocity increased (Fig.
317 4d).

318 Furthermore, the UC schemes showed a significant sensitivity to the 12 soil texture classes (e.g., sand vs. loamy sand).
319 When transitioning from a sand texture to a loamy sand texture, the UC01 and UC04 schemes simulated an explosive increase
320 in dust emission fluxes by more than two orders of magnitude (i.e., a factor of 100), depending on the friction velocity. This
321 extreme variation is attributed to the high sensitivity of the minimally and fully disturbed particle size distributions defined for
322 different soil types. Conversely, under the same loamy sand texture, the UC11 scheme consistently reduced the simulated dust
323 emission fluxes by approximately an order of magnitude (a factor of 10) (Fig. 4d). These wildly fluctuating results suggest
324 that highly accurate, high-resolution soil particle size distribution data are strictly required when applying these physics-based
325 schemes to East Asian deserts. For the empirical GO01 scheme, friction velocity is plotted as a proxy for the 10-m wind speed
326 for consistent comparison. The GOO01 scheme consistently overestimated the dust emission fluxes compared to the tower
327 measurements (Fig. 4e), initiating dust emissions even at low friction velocity ranges (< 0.3 m s). This overestimation is well-
328 known characteristic of schemes heavily reliant on simple 10-m wind speed and static threshold functions, as reported in
329  previous studies (LeGrand et al., 2019; Zhao et al., 2020; Lee and Lee, 2022). The performance of the semi-empirical GA19
330 scheme was somewhat similar to the UC11 scheme, demonstrating an increasingly strong sensitivity to dust emissions as
331 friction velocity increased (Fig. 4f). In summary, the dust emission fluxes simulated by the existing reference schemes showed
332 highly unstable sensitivities to soil texture and friction velocity, supporting widespread discrepancies observed in dust
333 concentration validation at different geographical location and dust emission intensities (Kok et al., 2014; Lee and Lee, 2022).
334 By comprehensively mitigating these uncertainties, the new semi-empirical dust emission scheme, grounded in the best-fitting
335 relationships derived directly from monitoring tower data, demonstrates a vastly superior potential to accurately simulate

336 natural dust fluxes occurring in East Asia.
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338 Figure 4. Scatterplot comparison of monitored (black symbols) and simulated (red symbols) dust emission fluxes from Naiman tower and
339 a new dust emission scheme in the Horqin desert, East Asia, during the dust events (n=232). (a) New scheme, (b) UCO1, (c) UC04, (d)
340 UCl1, (e) GOOL, (f) GA19. The green lines and symbols for the UC schemes represent the simulated dust emission flux to the loamy sand
341 texture.
342 5 Implementation and evaluation in WRF-Chem
343 5.1 Implementation of the new scheme and dynamic dust source region map
344 5.1.1 Implementation of the new dust emission scheme in WRF-Chem
345 The ADES v1.0 scheme was fully integrated into the WRF-Chem model (version 3.9.1). WRF-Chem is an online-
346 coupled modelling system that simultaneously resolves meteorological dynamics and chemical processes, thereby enabling
347 realistic physical feedback mechanisms. To ensure structural consistency and ease of maintenance, the proposed scheme was
348 formulated as an independent module, sharing the architectural framework of existing implemented dust schemes (e.g.,
349 GOCART, AFWA, and UC schemes). The core physical parameterizations, including the derivation of dust emission fluxes
350 and application of the soil freezing reduction factor, were encoded within a newly developed source files Module new_dust.F
351 (Fig. 5).
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352 Integrating these modules into the existing WRF-Chem framework required systematic modifications across several
353 core codes. Specifically, the primary chemistry driver (Chem_driver.F) and the emission driver (Emission_driver.F) were
354 updated to correctly route state variables and subroutine calls. Furthermore, the model registry (Registry.chem) was expanded
355 to declare the requisite state variables and new packages, while the compilation dependency file (Makefile, depend.chem) was
356 modified to incorporate the new source codes. Ultimately, this comprehensive implementation allows users to seamlessly

357 activate the new dust emission scheme by configuring the namelist parameter dust_opt = 6.

358
WPS (V3.9.1.1) WRF-Chem (V3.9.1)
Static datasets Code modification
i | Dust Source Region (DSR) | @ ! Registry ;
i (Monthly, 0.25°x0.25°) P - Registry.chem ;
i { P i
; ‘ Binary format conversion | i Chemistry
i P - Chem_driver.F ;
i Code modification — - Emission driver.F i
| GEOGRID.TBL | ] - Makefile |
; - NEW_SOURCE P - Depend.chem ;
; b - Module_new_dust.F 5
; Geogrid.exe - ;
Geo_em.d01.nc Run
; - NEW_SOURCE i1 | - Namelist.input (dust_opt=6) |
S, I O :

A 2
Size-resolving dust emission fluxes and concentrations |
359
360 Figure 5. Schematic flowchart illustrating the coupling architecture of the new semi-empirical dust emission scheme within the WRF Pre-

361 processing System (WPS) and the 3-dimensional WRF-Chem model configuration.
362 5.1.2 Implementation of the new dust source region map in WPS

363 The new semi-empirical dust emission scheme incorporates monthly dust source regions identified using the dynamic
364 dust source region detection method proposed by Lee et al. (2025) (Fig. S1). Unlike conventional dust source regions estimated
365 based solely on static land-cover classifications, this dust source region detection method integrates satellite and ground-based
366 measurements to identify spatiotemporal variations in natural dust source region based on three criteria (vegetation, snow
367 cover, and land cover) and empirical thresholds for the vegetation bareness index and the snow cover index. It outperforms
368 existing satellite- or ground-based methods in detecting temporal variations and spatial distributions of natural dust sources,
369 making it particularly advantageous for identifying dust source regions with short vegetation and partial snow cover.

370 To implement this dynamic dust source region map into the WRF-Chem modelling framework, the static information
371 required to run the new dust emission scheme was processed through the WRF Pre-Processing System (WPS). The updated
372 monthly dust source region map dataset, with a horizontal resolution of 0.25° < 0.25°, was converted into the standard binary
373 format compatible with WPS using a customized Fortran routine. Subsequently, the GEOGRID.TBL configuration file was
374 modified to define a new land-surface variable designated as NEW SOURCE, detailing its data pathway, interpolation method,
375 and processing priority. By executing the geogrid.exe program, these monthly spatial distributions are interpolated directly
376 onto the model grid (geo_em.d01.nc), establishing a dynamic initialization field that continuously updates monthly variations
377 in surface conditions.

378 Crucially, this updated map provides a more comprehensive representation of natural dust sources. In addition to

379 major arid regions such as the Gobi and Taklimakan deserts, it explicitly resolves previously underrepresented areas, including
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380 the Tibetan Plateau, the Manchurian Plain, and vast expanses across Central Asia (e.g., the Balkhash Desert and regions
381 surrounding the Caspian Sea in Kazakhstan and Uzbekistan). By capturing these critical source regions, the updated WPS
382 framework fundamentally resolves the spatial limitations of conventional static maps, enabling more physically robust

383 simulations of Asian dust transport (Lee et al., 2025).

384 5.2 Asian dust events selection and experimental setup
385 5.2.1 Asian dust events selection

386 Springtime and wintertime Asian dust events account for approximately 80-90% of dust occurrences in the East Asia
387 region (Zhou and Zhang, 2003; NIMS, 2015). The wintertime Asian dust event that occurred in the Gobi Desert in February
388 2015 was selected to investigate whether the limitations of existing dust schemes could be improved (Lee and Lee, 2022).
389 During this event, a strong cold front accompanied by an intense low-pressure system swept across the Gobi Desert, triggering
390 severe dust outbreaks with wind speeds exceeding 15 m s™! (Fig. S2). This case serves as an ideal baseline for evaluating
391 scheme sensitivities under conditions of low temperature, low soil moisture, and freezing topsoil. A detailed description of the
392 wintertime Asian dust event is otherwise documented in Lee and Lee (2022).

393 A springtime Asian dust event that originated in inland Mongolia and the Gobi Desert from 26 to 28 March 2021 was
394 selected to evaluate the dust simulation performance of the new dust emission scheme (Fig. S3). Asian dust was initially
395 observed in inland Mongolia at 18:00 UTC on March 26 (Figs. S3a-b). The dust plume was subsequently transported
396 southeastward in the wake of a low-pressure system toward eastern Mongolia and the Inner Mongolia Plateau at 12:00 UTC
397 on March 27 (Figs. S3c-d). By 12:00 UTC on March 28, Asian dust was observed near the Shandong Peninsula and Liaoning
398 province in China (Figs. S3e-f). At 15:00 UTC on March 28, an influx of Asian dust was observed over Baengnyeongdo island
399 in South Korea. Because this event originated deep in inland Mongolia, its transport to the Korean Peninsula took longer
400 compared to the wintertime event. During the dust event, high PM, concentrations (~1400 pug m™) were observed in the west

401 sea of the Korean Peninsula (Kim et al., 2022).

402 5.2.2 Experimental setup

403 In this study, the WRF-Chem model (version 3.9.1) was utilized to simulate the selected wintertime and springtime
404  Asian dust events. The simulation domain was configured to cover the entire East Asian dust source region, including the Gobi
405 and Inner Mongolia deserts, using a horizontal grid of 180 x 133 mesh with a grid spacing of 32.4 km. The vertical grid
406 comprises 55 layers extending from a lowest layer depth of approximately 27 m up to a model top of 50 hPa (~20 km), with
407 17 layers densely allocated within the lowest 1 km to accurately resolve the atmospheric boundary layer (ABL). The physical
408 and chemical configurations are identical to those validated in Lee and Lee (2022). The Regional Atmospheric Chemistry
409 Mechanism (RACM) (Stockwell et al., 1997) and the GOCART scheme (Chin et al., 2000; Ginoux et al., 2001) were used for
410 gaseous and aerosol chemical processes, respectively. Anthropogenic emissions were processed using the Model Inter-
411 Comparison Study for Asia 2010 (MICS-Asia 2010) inventory (Carmichael et al., 2002; Li et al., 2017), while biogenic
412 emissions were provided by the Model of Emissions of Gases and Aerosols from Nature (MEGAN-2) module (Guenther et
413 al., 2006). Direct and indirect physical interactions of aerosols were deactivated to ensure that the simulated meteorological
414 fields remained identical across all sensitivity experiments. National Centers for Environmental Prediction-Final Analysis
415 (NCEP-FNL) global analysis data (1° x 1° horizontal resolution, 6-h intervals) were used for meteorological initial and
416  boundary conditions. The simulated air temperature and specific humidity above the ABL were nudged to the global analysis
417 fields using the four-dimensional data assimilation (4DDA) technique. However, for soil moisture, we applied the Global Land
418 Data Assimilation System (GLDAS) dataset instead of NCEP-FNL.

419 Figure 6 shows the spatial distribution of the volumetric soil moisture content applied in the WRF-Chem model. The

420 NCEP-FNL data exhibited a wet bias, with about 90% of the grids showing soil moisture up to 0.3 m* m™. In contrast, GLDAS
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421 indicated that approximately 95% of the area had soil moisture below 0.2 m* m™>. A comparison with in situ measurements
422 from the International Soil Moisture Network (ISMN) near the dust source regions showed values ranging from 0.1 to 0.12 m?
423 m3, which aligned well with the GLDAS data (Fig. S4). Considering these results and previous findings that FNL reanalysis
424 data lack accuracy for soil moisture in China (Dy and Fung, 2016), GLDAS soil moisture was adopted as the initial condition
425 to properly evaluate the dust emission schemes.

426 To comparatively evaluate the performance of the newly developed semi-empirical scheme, five existing WRF-Chem
427 dust emission schemes were also applied: UCO1 (Shao, 2001), UC04 (Shao, 2004), UC11 (Shao et al., 2011), GOO01 (Ginoux
428 et al., 2001), and GA19 (LeGrand et al., 2019) (Table 2). Consequently, six independent simulations were conducted for each
429 dust event. The selected dust events featured low precipitation (<0.5 mm) and minimal vegetation/snow cover impacts. For
430  the wintertime event, the simulation period spanned from 00:00 UTC on February 15 to 00:00 UTC on February 24, 2015,
431 with analyses focusing on February 20-24. For the springtime event, the model was integrated from 00:00 UTC on March 20
432 to 00:00 UTC on April 1, 2021, and data from March 26 to March 30 were analyzed, treating the initial days as a spin-up
433 period (Lee et al., 2015).

434 The performance of the simulated dust emissions was rigorously evaluated using ground-based PMio concentrations.
435 Within the source regions, we utilized hourly air quality data from stations operated by China’s Ministry of Ecology and
436 Environment (MEE), which are widely distributed across the Taklimakan Desert, the Gobi Desert, the Loess Plateau, and the
437 Manchurian Plain (Fig. 1). Additionally, PMio concentrations measured at a 3-m height from monitoring towers in Erdene

438 (Mongolia) and Naiman (China) were used.

439
440 Table 2. Experimental design for springtime and wintertime Asian dust simulation using the WRF-Chem dust emission schemes along with
441 the new dust emission scheme.
Experiment name Dust scheme Model option Reference
New New Dust_opt=6 This study
ucCo1 ucC Dust_opt=4, Shao (2001)
Dust_scheme=1
uco4 ucC Dust_opt=4, Shao (2004)
Dust_scheme=2
UCl1 ucC Dust_opt=4, Shao et al. (2011)
Dust_scheme=3
GOO01 GOCART Dust_opt=1 Ginoux et al. (2001)
GA19 AFWA Dust_opt=3 LeGrand et al. (2019)
442
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Figure 6. Spatial distribution and histogram distribution of GLDAS (Global Land Data Assimilation System) soil moisture (0—10 cm)
applied to the WRF-Chem model for (a) February 2015 and (b) March 2021. The contour line represents the dust source area defined in the
WRF-Chem model.

5.3 Comparison of simulated spatial dust emission fluxes

Figure 7 compares the spatial distribution of the averaged dust emission fluxes over the three-day wintertime Asian
dust event from February 20 to 23, 2015. During the severe event, the newly developed scheme successfully simulated
physically realistic dust emission fluxes, with an average dust emission flux of 40 pg m? s™! (maximum of ~260 pg m? s™") in
the primary dust source region (Fig. 7a). Crucially, by utilizing the dynamically updated dust source region map and optimized
parameters, the new scheme concentrated intense emissions correctly over the Mongolian Plateau while effectively restraining
the unrealistic spatial expansion of dust emissions. In contrast, the previous schemes exhibited extreme structural biases. The
UCO01 and UC04 schemes showed extreme overestimations (averages of 89 and 104 pug m™ s!, respectively) and erroneously
spread intense fluxes over the northern China (maximum of 2962 and 3528 pg m? s, respectively) due to their strong
sensitivity to low soil moisture (Figs. 7b-c). Conversely, the UC11, GOO01, and GA19 schemes failed to simulate the event’s
intensities, producing horizontally uniform and severely underestimated the dust fluxes averaging only 2 to 13 pg m? s (Figs.
7d-f). The new scheme realistically bridged this gap, avoiding both the severe overestimations of UC01 and UC04 and the
weak underestimation of UC11, GOO1, and GA19.
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Figure 7. Horizontal distributions of the dust emission fluxes averaged during 20-23 February 2015 simulated by (a) new scheme, (b) UCO1,
(c) UC04, (d) UC11, (e) GOO1, and (f) GA19.
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465 This superior spatial representation was consistently maintained during the springtime Asian dust event from March
466 26 to 30, 2021 (Fig. 8). The new scheme dynamically captured the intensive dust outbreaks near northern China and inland
467 Mongolia, showing an average dust emission flux of 36 ug m? s (maximum of ~317 pg m? s™!) (Fig. 8a). Most notably, the
468 spatial distribution and the high-intensity emission fluxes simulated by the new scheme reasonably matched the dust plumes
469  observed in the GK-2A/AMI dust RGB imagery. While the UC01 and UC04 schemes identified similar high-intensity source
470 regions, their emission magnitudes were physically unrealistic, with maximums of 4213 and 5261 ug m?s™!, respectively (Figs.
471 8b-c). Meanwhile, the UC11, GOO01, and GA19 schemes remained largely underestimated to the severe meteorological forcing
472 of the spring event, yielding weak and uniform distributions across the domain (Figs 8d—f). These spatial comparisons
473 definitively confirm that the new semi-empirical scheme operates robustly across different seasons. By overcoming the
474 extreme sensitivity issues and static source map limitations of previous schemes., the new scheme provides a highly reliable

475 and dynamically accurate spatial distribution of East Asian dust emissions.
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477 Figure 8. Horizontal distributions of the dust emission fluxes averaged during 26-30 March 2021 simulated by (a) new scheme, (b) UCO1,
478 (c) UC04, (d) UC11, (e) GOO1, and (f) GAI9.
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480 5.4 Evaluation of near-surface PMio concentrations

481 We evaluated the simulation performance of the new scheme by comparing the surface PM o concentrations measured
482 in the dust source area with the WRF-Chem simulation concentrations (Fig. 9). The UC01 and UC04 schemes showed
483 significantly higher PM;o concentrations and were therefore scaled down by a factor of 10 for independent plotting clarity.
484 The measured PMo concentrations at Jurihe, Erenhot, and Erdene stations, located near the Gobi Desert, clearly captured the
485 severe intensity of the Asian dust in the primary dust source regions (Figs. 9a-c). Although the simulated dust event in the new
486 scheme persisted slightly longer than the observed duration, it successfully captured the peak PM o concentration levels, which
487 reached thousands of pg m™. On the other hand, the reference schemes showed extreme simulation performance with a clear
488 tendency to over- or under-estimate the measured PM o concentrations. In particular, while the simulated PM;o concentrations
489 of the UCO1 and UC04 schemes captured the timing of the peaks, their magnitudes reached tens of thousands of pg m?,
490 overestimating the actual concentrations by more than a factor of three. The overestimation tendency of dust emission fluxes
491 in the UCO1 and UC04 schemes is driven by their high sensitivity to soil conditions. Conversely, the UC11, GOO01, and GA19
492 schemes simulated PM;, concentrations below 1,000 pg m=, due to their characteristically weak dust emission fluxes and
493 relatively low sensitivity to soil moisture. Consequently, they consistently demonstrated limitations in capturing the observed
494 intensity of the Asian dust events.

495 The measured PMo concentrations at the Naiman, Chifeng, and Tongliao stations, located near the Horqin Desert,
496 clearly indicate the presence of Asian dust in the dust source region and along its transport path, albeit at lower concentration
497 levels compared to those measured at Jurihe and Erenhot (Figs. 9d-f). Similar to their performance in the Gobi Desert, the
498 UCO01 and UC04 schemes tended to significantly overestimate the measurements, while the UC11, GOO1, and GA19 schemes
499  tended to underestimate them. Unlike these reference dust emission schemes, the newly developed dust emission scheme
500 successfully captured the peaks of the measured PMjo concentrations across both the dust source and downwind transport
501 regions. Most notably, the reference schemes failed to simulate any dust emissions at the Tongliao station because previously
502 prescribed static dust source region map in the WRF-Chem model did not classify this area as a dust source region. In contrast,
503 by incorporating an updated source region map, the new model correctly identified Tongliao as an active source region,
504 successfully reproducing the measured PMo concentrations (Fig. 9f). This definitive result demonstrates that the dynamically
505 defined dust source region map for the East Asian region, along with the new dust emission scheme, is highly accurate and
506 effectively resolves the blind spots of traditional static source maps.

507
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Figure 9. Comparison of the simulated and measured near-surface PMio concentrations at the dust monitoring sites of (a) Erdene (near the
Gobi Desert), (b) Erenhot, (c) Jurihe, (d) Chifeng, (¢) Naiman, and (f) Tongliao (near the Horqin Desert) for 20-23 February 2015. The PMio
concentrations at the Naiman and Erdene monitoring towers were measured at a height of 3 m. Measurement data from Jurihe, Erenhot,
Chifeng, and Tongliao stations were obtained from Park et al (2016b). Note that the concentrations simulated by the UC01 and UC04
schemes were scaled down by a factor of 10 for independent plotting clarity.

Figure 10 compares the simulated and measured near-surface PM o concentrations at 10 monitoring stations operated
by China Ministry of Ecology and Environment (MEE), distributed across the dust source and transport regions during the
springtime event. Extremely high PMo concentrations (up to ~10,000 pug m) were measured at approximately 1200 UTC on
March 27, making the onset of the Asian dust event. Subsequently, on March 28, PM concentrations of approximately 2,000
pg m were measured at monitoring stations near the Shandong Peninsula in eastern China. Although the PMo concentrations
simulated by the newly developed model were slightly lower than the observed peaks at certain dust source region sites, the
model accurately captured the overall magnitude peak timing, and duration of this severe dust event.

Consistent with the wintertime case, the UC01 and UC04 schemes captured the timing of the peaks but exhibited
severe overestimation tendency, predicting unrealistic PM o concentrations reaching tens of thousands of ug m=. Conversely,
the UC11 and GOO1 schemes largely failed to capture the intense PMo concentrations measured in the dust source region,
simulating severely underestimated values below 500 ug m. The underestimation tendency by the UC11 scheme is primarily
attributed to its sensitivity to the specific dust particle size distributions assigned to the loam soil textures prevalent in East
Asia. The GA19 scheme simulated PM1o concentrations up to approximately 1,000 ug m-, which was significantly lower than
the measured PMo concentration levels. Notably, although GA19 calculates a higher total streamwise horizontal saltation flux
than the new model, its final dust emission fluxes are significantly suppressed by the prescribed low erodibility factors ()
assigned to East Asia. This finding directly validates our methodological decision to completely remove the dependence on
dust source strength functions in the new scheme. Because the performance of traditional dust schemes is heavily dictated by
the choice of these static and often conflicting surface datasets (Lee and Lee, 2022), they inherently struggle to provide stable

simulations for extreme Asian dust events. By utilizing optimized empirical coefficients and dynamically updated source

18



https://doi.org/10.5194/egusphere-2026-4098

Preprint. Discussion started: 31 August 2026
(© Author(s) 2026. CC BY 4.0 License.

533
534

535

536
537
538
539

540

541
542
543
544
545
546
547
548

region maps, the new semi-empirical scheme successfully mitigates these input-driven instabilities, offering a far more robust

predictive capability.

() (b)

6000 = 6000F E
R + —e— Measurement 1 r 1
£ = —— New 4 E - 4
o L —— UGD1 (x0.1) 2 [ B
& — UCO4 (30,1 ]

T - T 4000 —
i - — GOO1 4 L F 4
<] [ — GA19 s E F|
Z 2
8 i 18 i ]
£ 2000 7 § 200 ]
= r 1= r 1
o . e -4 o . e
P — " o — |
2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 3000h 2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 3000h
(c) (d)

6000 . - - - : . - = Go00FT - - . - . T . —
o r 1< F 1
£ F 1E F 4
o o
= r 1 = r 1
' 4000~ - T 4000 =
S L 1e L J
E L 18 L i
E =
£ 2000~ ~ £ 20001 —
8 L 48 L J
g 0 18 [ ]

. A . = _—
2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 30 00h 2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 300Ch
(e) ()

6000 = 6000F 3
"'E C ] n’E [ 4
o o
= r 1 = r 1
T 4000 -{ T 4000 -
S L 8 L 4
2 s lE L i

3
§ 2000 4 § 20001 8
= r 1= r 1
o b o 1 . 4
(] = e — - — 2 ok |
2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 3000h 2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 3000h
@) h)

6000 . . - . . . . = go00ET - - . - . : v —
I r 1 r 1
3 k {1 e F 4
o o
ES r = r 1
' 4000~ - T 40001 a
S L 1s L J
g k ] L J
£ £
£ 20001 - £ 20001 -
8 L 18 L J
3 - /\—@;\ﬁ 1z _h w e A g :2«_@ :
o b 4 a b .

o= = ok =
2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 30 00h 2600h 2612h 2700h 2712h 2800h 2812h 2900h 2912h 3000h
Date ( UTC ) Date ( UTC )

Figure 10. Comparison of the simulated and measured near-surface PM10 concentrations at the measurement stations of (a) S1 (2197A),
(b) S2 (1949A), (c) S3 (2203A), (d) S4 (2638A), (e) S5 (2170A), (f) S6 (1030A), (g) S7 (1960A), (h) S8 (1655A) in the China’s Ministry
of Ecology and Environment (MEE) for 26-30 March 2021. Note that the concentrations simulated by the UC01 and UC04 schemes were
scaled down by a factor of 10 for independent plotting clarity.

6 Conclusions

In this study, we developed and comprehensively evaluated a new semi-empirical dust emission scheme specifically
optimized for the East Asian region. The new scheme establishes an advanced empirical relationship between dust emission
flux and friction velocity by directly optimizing the comprehensive flux calculation equation against multi-level tower
observations in the Horqin Desert. To support the accurate application of this relationship, we additionally improved the
calculation process of the threshold friction velocity. This modified threshold friction velocity dynamically accounts for region-
specific constraints—specifically, soil moisture cohesion, aerodynamic roughness drag partitioning, and snow cover fraction—
while completely eliminating the conventional reliance on topography-based source strength functions. By deriving new

optimal coefficients through the total dust emission flux equation combined with these refined physical parameters, the new
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549 scheme directly and robustly captures the in situ dust emission mechanisms. When evaluated as a stand-alone box model, the
550 new scheme successfully reproduced the observed dust emission fluxes. Crucially, it resolved the extremely high sensitivity
551 to friction velocity and soil texture that severely degrades the performance of existing dust emission schemes, which exhibited
552 flux variations of more than an order of magnitude depending on the specific soil type.

553 The newly developed scheme was subsequently implemented into the three-dimensional WRF-Chem model and
554 evaluated against severe wintertime and springtime Asian dust events. Additionally, a dynamically updated natural dust source
555 region map was also incorporated into the WPS system. The three-dimensional simulation results clearly demonstrated the
556 superior predictive capability of the new model. While traditional dust schemes either produced extreme overestimations
557 (UCO1 and UCO04) due to their vulnerability to surface input data uncertainties (e.g., vegetation fraction and soil moisture) or
558 severely underestimated the events (UC11, GOO1, and GA19), the new scheme accurately captured both the spatial
559 distributions and the peak near-surface PMo concentrations. Notably, the dynamic source region mapping enabled the new
560 model to successfully reproduce dust plumes in previously unidentified blind-spot regions, such as the Manchurian Plain (e.g.,
561 the Tongliao station), which traditional schemes entirely missed.

562 Ultimately, this study proves that the semi-empirical scheme, where key parameters are derived by directly optimizing
563 the comprehensive flux equation against in sifu measurements, rather than relying on simple regressions between dust flux and
564 friction velocity, provides a far more robust framework for simulating Asian dust than relying on highly sensitive, traditional
565 empirical and physics-based schemes. Combined with dynamically updated surface boundary conditions, this new method
566 effectively mitigates the extreme uncertainties driven by the over-reliance on static reduction factors and input data. While the
567 optimal coefficients driving the current scheme were established under predominantly sandy soil conditions, future integration
568 of flux estimations from sites with finer soil textures (e.g., clay-dominated regions like Erdene) will allow for further evaluation
569 and generalization of the scheme. By successfully bridging the gap between local physical observations and regional modelling,
570 the newly developed scheme significantly reduces simulation uncertainties driven by static input data, offering a highly reliable
571 tool for operational Asian dust forecasting and environmental policy-making across East Asia.

572
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573

574 Code  availability. =~ WRF-Chem  v3.9.1 baseline source code is available for download at
575 https://www2.mmm.ucar.edu/wrf/users/download/get _sources.html#WRF-Chem (last access: 28 June 2026). The source code
576 for the Asian Dust Emission Scheme version 1.0 (ADES v1.0) implemented in WRF-Chem (v3.9.1) will be publicly open in
577 a  GitHub repository  (https:/github.com/LAEM4K/ADES4WRF) and also archived in Zenodo
578 (https://doi.org/10.5281/zenodo.21272547).

579 Data availability. The Shuttle Radar Topography Mission (SRTM) 3 arc-second terrain elevation data (version 3), used to
580 calculate the source strength function of the dust emission schemes, were obtained from NASA Earthdata
581 (https://www.earthdata.nasa.gov/). The clay, silt, and sand fractions at the Naiman site were extracted from the RHWSD
582 version 1.2 soil database (https://www.earthdata.nasa.gov/data/catalog/ornl-cloud-hwsd-1247-1). The 8-day averaged
583 vegetation cover fraction from the GLASS-MODIS product was accessed via the THEIA platform (https://www.theia-
584 land.fr/en/blog/product/series-of-vegetation-variables-avhrr/). Finally, the GLDAS version 2.1 snow depth and soil moisture
585 data, provided at 3-hourly intervals, were sourced from NASA GES DISC (https://ldas.gsfc.nasa.gov/gldas).
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