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19 Abstract: Dust aerosols affect the surface radiation budget and photovoltaic (PV)
20  power generation by changing the extinction and scattering of solar radiation. We
21  used WRF-Chem to perform paired simulations with and without dust radiative
22 feedback for three spring 2025 dust storms over Tazhong in the Taklimakan Desert.
23 Dust radiative feedback reduced surface shortwave radiation at Tazhong by 84.46—
24 90.52 W/m? and increased longwave radiation by 33.09—39.72 W/m?. The maximum
25  near-surface heating rate reached +12.61 K/day. Surface shortwave radiative forcing
26  showed a significant linear correlation with aerosol optical depth at 550 nm (AODsso),
27  with a forcing efficiency ranging from —80.7 to —50.6 W/(m?-1) per unit AODsso. The
28  strong dust event on 26 March reduced daily power generation by 50.96%, while the 3
29  May and 20 May events reduced it by 18.68% and 1.87%. Under low dust loading and

30  during the onset and dissipation of dust events, enhanced scattering and cooler
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modules slightly raised the plane-of-array (POA) irradiance and power generation of
bifacial modules, but these gains could not offset the losses under heavy dust. The
POA irradiance loss ratio increased nonlinearly with AODsso and followed power-law
relationships with AODsso and near-surface PMio. These relationships may help
improve PV power forecasting during dust events at desert PV plants..
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Radiative Forcing and Photovoltaic Response to Desert Dust Storms. in
the Taklimakan Desert
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Highlights

1) Based on paired WRF-Chem simulations, we quantified the "surface cooling—
atmospheric heating" structure of dust radiative feedback and the associated

near-surface heating rate.

2) Dust events of different intensities and durations had contrasting effects on

POA irradiance and PV power generation..

3) POA irradiance loss followed power-law relationships with AODsso and
near-surface PMo, offering potential for estimating irradiance losses under dusty

conditions.
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50 1 Introduction

51 Dust aerosols alter the surface radiation budget by scattering and absorbing solar
52 radiation (Kok et al., 2023; Zaiani et al., 2024; Liu et al., 2024. The Taklimakan
53 Desert, covering approximately 3.376 x 10° km?, is arid and windy with frequent dust
54  activity, making it a major dust source in East Asia. Observations at the Xiaotang
55  station on the northern margin of the desert show that atmospheric transmittance
56  drops from 0.67 under clear-sky conditions to 0.46 during dust weather, and the
57  probability of daily total radiation falling below 500 W/m? exceeds 90% during dust
58  storms (Jin et al., 2021). This demonstrates the substantial weakening of surface solar
59  radiation by dust. The arid region of northwestern China receives abundant sunshine
60 and hosts a core distribution of ground-mounted PV plants. Frequent dust weather
61  directly affects PV power generation by modifying atmospheric optical depth and the
62  composition of incident radiation.

63 PV power generation depends mainly on the intensity of solar radiation reaching
64  the modules and its direct/diffuse composition. Dust not only reduces the total surface
65  solar radiation but also changes the ratio between the direct and diffuse components.
66  Satellite estimates show a dust direct radiative forcing efficiency of —48.6 + 13.7
67  W/(m?*1) over the Kashgar region of the Taklimakan Desert, whose absolute value is
68  higher than the —39.6 £ 10.0 W/(m?-1) at the Tamanrasset site in the Sahara (Tian et
69 al., 2021), indicating that PV plants in this region may face stronger radiation
70  attenuation. The operation of 86 distributed PV plants along the Tarim Desert
71  Highway shows that PV generation in the desert interior is feasible, but also
72 highlights the need to quantify the impact of dust weather on power output. The
73 bifacial glass—glass modules considered in this study receive not only front-side
74  radiation but also ground-reflected and sky-diffuse radiation on their rear side;
75  changes in the direct/diffuse ratio caused by dust may therefore further affect the
76  overall module output through the rear-side light path (Sun et al., 2018; Deline et al.,

77 2019).
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78 The regional meteorology—chemistry coupled model WRF-Chem (Weather
79  Research and Forecasting model coupled with Chemistry) can simulate dust emission,
80  transport, and their interaction with radiation, and has been widely used in studies of
81  dust radiative forcing. Previous work has validated the model's ability to simulate the
82  three-dimensional structure and transport flux of dust (Hu et al., 2020; Wulayin et al.,
83 2024) and has reported the magnitudes of shortwave and longwave dust radiative
84  forcing at the surface and in the atmosphere (Wang et al., 2023; Dehshiri et al., 2024).
85  Regarding radiative feedback, Chen et al. (2023) showed that dust radiative feedback
86  substantially intensified a super dust storm, indicating that the two-way interaction
87  between dust and radiation cannot be neglected. Further studies have revealed the
88  adjustments of dust radiative feedback to the boundary layer, wind field, and
89  temperature profile (Liu et al., 2016; Li et al., 2022; Chen et al., 2025). From an
90 energy-application perspective, Bergin et al. (2017) estimated the reduction in solar
91  power generation caused by aerosols, and Song et al. (2025) simulated dust emission
92  trends under future climate scenarios.
93 Despite this progress in understanding dust radiative effects, existing
94  WRF-Chem applications have not yet been directly linked to and quantitatively
95  compared with plant-level observations and actual power output. In addition, the
96  quantification of how dust events of different intensities and durations weaken
97  radiation—and in particular how dust differentially affects the plane-of-array
98 irradiance (POA) of bifacial modules and the resulting power loss—remains limited.
99 Here, we focus on the Tazhong PV plant as the study target and select three dust
100  events in spring 2025 (26 March, 3 May, and 20 May). Using WRF-Chem simulations
101  with and without dust radiative feedback, we quantitatively analyze the dust radiative
102 forcing and its impact on PV power generation, aiming to provide a scientific basis

103 for power forecasting and dust protection of desert PV plants.
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104 2 Data and Methods
105 2.1 Study area

EGUsphere\

106 The Taklimakan Desert (36.83°—41.17°N, 77.67°-88.33°E) is located in the

107  center of the Tarim Basin in Xinjiang, China (Fig. 1), with a total area of about

108  3.37x10°km? The region has an extremely arid continental climate, with annual

109  precipitation of less than 100 mm and annual evaporation of 2500-3000 mm. Wind—

110 sand hazards are severe, and dust storms occur frequently in spring and summer. This

111 study focuses on the PV plant at Tazhong (38.97°N, 83.65°E) in Qiemo County. The

112 PV array covers about 2.55 km? and is oriented due south at a fixed tilt angle of about

113 37°. Straw checkerboard barriers are installed beneath the panels for sand fixation.
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115 Figure 1 Geographic location of the study area.

116 Note: The base map was obtained from the National Platform for Common Geospatial Information

117  Services (Tianditu),

118  (https://cloudcenter.tianditu.gov.cn/administrativeDivision);

with

map

approval

number GS(2024)0650

the base map boundaries were not

119 modified. The vector boundary of the Taklimakan Desert was obtained from the National Cryosphere

120 Desert Data Center (http://www.ncdc.ac.cn). The vector data of the Tazhong PV plant were obtained

121 from the global spatiotemporal dataset of PV and wind power (Zeng et al., 2025).
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122 2.2 Observational data

123 Surface observations were used to validate model performance. Hourly 2 m air
124 temperature and 10 m wind speed were obtained from the Tianqing database of the
125  China Meteorological Administration. Hourly PMio and PM:.s concentrations were
126 measured by a CCLJP100 atmospheric particulate matter particle size monitor at the
127  same site, in units of pg/m*. Downward shortwave radiation (SW)), upward shortwave
128  radiation (SW;), downward longwave radiation (LW)), and upward longwave radiation
129 (LW};) were obtained from a four-component radiometer at the Tazhong station, with a
130  temporal resolution of 1 hour and units of W/m?2.The original observations at Tazhong
131  were recorded in local time, which differs from Beijing time (BJT, UTC+8) by about
132 2h25min. To ensure temporal consistency among observations, model output, and
133 reanalysis data, all data were converted to Beijing time during preprocessing.

134 2.3 WRF-Chem model setup

135 The WRF-Chem model was used to simulate three dust storm events in spring
136 2025 (26 March, 3 May, and 20 May). The model used two nested domains (Table 1).
137  The outer and inner domains had horizontal resolutions of 9 km and 3 km, with grid
138 dimensions of 279 x 219 and 264 x 165, respectively. The model top is set to 100 hPa,
139  with 32 sigma levels. Meteorological initial and boundary conditions were taken from
140  NCEP FNL global reanalysis data, with a 6-hour interval and a horizontal resolution
141  of 0.25°. Aerosol and chemical processes were treated with the CUACE online
142 coupling scheme.

143 To isolate the dust radiative feedback quantitatively, a control experiment (CTL)
144  and a sensitivity experiment (SENS) were designed. In CTL, dust emission, transport,
145  and aerosol-radiation interactions were enabled, and dust particles participated in
146  both shortwave and longwave radiative transfer. In SENS, aerosol-radiation
147  interactions were turned off, so dust did not participate in radiative transfer. The
148  difference between the two experiments defines the dust radiative feedback:

149 AX = Xcr — Xsens
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150  where X is the corresponding physical variable.
151 2.4 Aerosol optical depth (AOD) data
152 Hourly total aerosol optical depth (AODiowl) and dust aerosol optical depth
153 (AODaust) at 550 nm from March to May 2025 were obtained from the NASA
154 MERRA-2 reanalysis via the Google Earth Engine (GEE,
155  https://code.earthengine.google.com/) cloud platform.The spatial resolution is
156  0.5°x0.625° and the temporal resolution is 1 hour.The data were converted to
157  Beijing time, and the grid cell containing the Tazhong station was extracted for
158  validating the simulated AOD.MERRA-2 AODgust was used only for model validation
159  and was not included in the subsequent radiative forcing regression analysis.
160 2.5 Methods
161 2.5.1 Dust emission and column mass diagnostics
162 Based on WRF output variables such as dust concentration, emission flux,
163 column dust mass, and wind fields, the emission intensity, column mass, and transport
164 characteristics of the three dust storm events were diagnosed. When cumulative dust
165  emission variables EDUST1 to EDUSTS5 (units: kg/m?) were available in the model
166  output, the daily cumulative dust emission was calculated as the difference between
167  the maximum and minimum cumulative values of each particle size bin on the event
168  day:

AEDUST = (EDUST,,ux — EDUST, ;) X 1000 (1)

169 The resulting values were converted to g/(m?-day) (Eq. 1). For the instantaneous

170  emission flux DUST FLUX (pg/(m?- s)), the flux was integrated over 24 hours (Eq.

171 2):
24
Daily Dust Emission = %Z(DUST_FLUXt %X 3600) 2)
t=1
172 Both quantities characterize the daily cumulative dust emission per unit area.
173 At the time when the simulated near-surface PMio concentration at Tazhong

174 reached its maximum during each dust storm event, the column-integrated dust

7
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175  loadings for the five particle size bins (DUSTLOAD_1-DUSTLOAD 5, units: pg/m?)
176 were extracted from the WRF-Chem output at each horizontal grid cell. The total
177  column dust loading was calculated by summing the contributions from all five size

178  bins at each grid cell and converting the resulting values from pg/m? to mg/m?:

. 1< .
Ldust(l,]; tp) = mz DUSTLOAD,, (l,], tp) 3)
k=1
179 where Lgyst i the total column dust loading (mg/m?).iand j denote the

180  horizontal grid indices, t, denotes the time when the simulated near-surface PMio
181  concentration at Tazhong reaches its maximum, and k& denotes the particle size bin.
182  The 850 hPa horizontal wind components (U850 and V850) at the same time were
183  also extracted to characterize the atmospheric transport of dust.

184 2.5.2 Surface radiative forcing and forcing efficiency

185 Surface shortwave, longwave, and net radiative forcings were defined as the

186  differences between CTL and SENS in the corresponding surface net radiation fluxes:

DREqg.sw = (SWDOWN — SWUPB) ¢y, — (SWDOWN — SWUPB)spns  (4)

DREg¢. 1w = (GLW — LWUPB) ¢y, — (GLW — LWUPB)ggns %)
DREgner = DREfesw + DREgfe 1w (6)
187 All radiative forcing terms are expressed in W/m?2.
188 To quantify the surface shortwave radiative forcing efficiency per unit AOD, a

189  linear regression was performed during daytime samples that met both of the

190  following criteria: SWDOWNSsgns > 10 W/m? and AODsso > 0.05:

d(DRE
DRFE, = d(DRByrcw) (7)
dTsso
191 where 755, representing AOD at 550 nm, was derived from the vertical integral

192 of the aerosol extinction coefficient output by WRF.The regression slope is the
193 surface shortwave radiative forcing efficiency, in units of W (m?- 1) and represents the

194  final fitted value. The MERRA-2 AODygust was used only to validate the simulated

8
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195  WRF AODsso and was not included in this regression.

196 2.5.3 Vertical radiative attenuation and atmospheric heating rate

197 Based on the first law of thermodynamics and the theory of radiative flux
198  divergence (Hogan et al., 2021; Guan et al., 2010), the net shortwave and longwave
199  radiative fluxes at different heights were calculated.

200 The net shortwave and longwave radiative fluxes in layer £ were calculated as

201  follows:

Fueusw (k) = Fy (k) = Fy () (8)
Freriw (k) = Fiiy () = Fly (k) ©
202 where Fdy (k) and Fdy (k) denote the downward and upward shortwave

203  radiative fluxes, respectively, and Fly(k) and F\y(k) denote the downward and
204  upward longwave radiative fluxes, respectively, in layer k£ (W/m?).
205 The change in radiative flux caused by dust (AF,) is expressed as the difference

206  between CTL and SENS:

AFersw (k) = Frigw (k) — Frsw (k) (10)
AFpeqw () = Fuctw (k) = Frectw (k) (1n
207 The shortwave, longwave, and all-wave net radiative heating rates were then

208  calculated as follows:
1 AFnet,SW (k + 1) - AFnet,SW(k)

HRgw (k) = X 86400 12
W PxCp Zg+1— Zy (12)
1 AFpw(k + 1) — AR w(k)
HR;w (k) = 2ot ’ x 86400 13
w PrCp Zyy1 — Zy (13)
HRyer(k) = HRgw (k) + HRpw (k) (14)
209 where HRsw,HRLw, and HRngr denote the atmospheric shortwave heating rate,

210  longwave cooling rate, and all-wave net radiative heating rate , respectively (K/day);
211 p = RP;'; is the air density of layer & (kg/m?®), calculated from the actual pressure Py
d'k

212 and temperature 7; of that layer: R/~=287.05 J/(kg-K) is the gas constant for dry

213 air;c,=1005 J/(kg-K) is the specific heat capacity of dry air at constant pressure;
9
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214 Zyiq — Zy is the geometric thickness of layer k(m); and 86400 is the time
215  conversion factor (converting K/s to K/day).

216 2.5.4 Surface albedo and rear-side irradiance of bifacial PV

217 The Briegleb parameterization was used to calculate the desert surface albedo for

218  varying solar zenith angles:

6,) = 1+c¢
*z) = o 1+ 2ccosé, (5)
219 where a(6,) is the actual albedo at solar zenith angle 6,; @, is the noon

220  reference albedo, taken as 0.38 (an empirical value for desert surfaces); 6, is the
221  solar zenith angle; cos 8, is the cosine of the zenith angle; and ¢ is the surface
222 anisotropic scattering coefficient, taken as the classical Briegleb value of 0.4. This
223 equation was used to calculate the ground-reflected gain on the rear side of bifacial
224  modules. In this study, the plane-of-array irradiance (POA) refers to the total
225  tilted-plane irradiance of the bifacial glass—glass modules, i.e., the sum of the
226  front-side and rear-side irradiance. The enhancement of rear-side light reception by
227  dust is inferred indirectly from the increase in the diffuse fraction and the change in
228  surface albedo; the rear-side irradiance component was not separately isolated or
229  quantified in the model.

230 2.5.5 Photovoltaic generation and bifacial-gain calculation

231 Photovoltaic generation was computed from the WRF-Chem radiation and
232 meteorological variables, taking a 100 MW centralized PV plant in Qiemo County as
233 the reference and including the bifacial gain. The actual generation (£, in MWh)

234 calculated as follows (Li et al., 2020; Chen et al., 2020; Guerrero-Lemus et al., 2016):

E=H-P:n-(1+A4,) (16)
235 where H is the theoretical utilization time corresponding to the tilted-plane total
236 irradiance (h), P is the installed capacity (100 MW), 7 is the system efficiency (83%),
237  and 4, is the bifacial rear-side gain:

T e I

10
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238 where A is the module spacing (8 m), A is the module mounting height (1 m), Al
239  is the surface albedo, and bif is the bifacial factor (0.7); the empirical bifacial-gain
240  coefficients are a =1.031, b =8.691, and ¢ = 0.125.

241 The module operating temperature (T y,in °C) is estimated from air temperature

242 and radiation:
Teey = 1.07 X Ty + 6.12 (18)
243 where T,; is the ambient temperature (°C). For high-temperature periods with
244 T, =25 °C, a GHI-based second-order correction is applied:
Teey = (Toir +2.64) +0.017 X GHI (19)
245 The all-period temperature correction factor cr is defined as:

~ _N1+N2x[1—y(T—25)]

o = — (20)

246 where N: and N: are the number of daytime hours with module temperature
247  below and above 25 °C, respectively; No is the total number of daytime hours in a year;
248 T is the mean temperature during hours above 25 °C; and y = —0.34%/°C is the
249  module temperature coefficient sed to account for power losses associated with high
250  temperature.

251  Table 1 Definitions of observational, model output, and diagnostic variables.

Variable name/abbreviation Description Unit
SW I SWy Surface downward/upward shortwave radiation W/m?
LW,/ LW; Surface downward/upward longwave radiation W/m?
Observations
Wind Surface wind speed m/s
PM;o/ PM, 5 Near-surface particulate matter concentration pg/m?
GHI (SWDOWN) Surface downward total shortwave radiation W/m?
SWUPB Surface upward shortwave radiation W/m?
GLW Surface downward longwave radiation W/m?
LWUPB Surface upward longwave radiation W/m?
Model output DIR (SWDDIR) Surface direct downward shortwave radiation W/m?
DIF (SWDDIF) Surface diffuse downward shortwave radiation W/m?
OLR Outgoing longwave radiation at top of atmosphere W/m?
EDUST1-EDUSTS5 Dust emission by particle size bin kg/m?
DUSTLOAD_1-DUSTLOAD 5 Column dust mass by particle size bin ug/m?
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252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

PM,g Simulated near-surface PMio pg/m?
Total Dust Loading Total column dust mass mg/m?

T2 2 m air temperature K
WSPDI10 10 m wind speed m/s
PBLH Planetary boundary layer height m
AODyyal Total aerosol optical depth (MERRA-2, 550 nm) dimensionless
AODygyy Dust aerosol optical depth (MERRA-2, 550 nm) dimensionless

Aerosol optical depth from vertical integration of
AODssg dimensionless
WREF extinction

AEDUST Daily cumulative dust emission g/m?*/day
K Diffuse radiation fraction, K_d = DIF/GHI dimensionless
DIR/DIF Direct/diffuse radiation ratio dimensionless
Diagnostic/calcu
DRE_sfc,SW Surface shortwave radiative forcing W/m?
lated variables
DRE_sfc,LW Surface longwave radiative forcing W/m?
ANetgy,t Surface net radiative forcing W/m?
DRFEgg Surface shortwave radiative forcing efficiency W/(m?1)
Fet Surface net radiation W/m?
SW_heat_rate Shortwave heating rate K/day
LW_cool_rate Longwave cooling rate K/day
Albedo Surface shortwave albedo dimensionless
3 Results and Analysis

3.1 Model performance and validation of dust event evolution

3.1.1 Characteristics of dust events and simulation evaluation
Figure 2 shows the observed time series for the three dust storms on 26 March, 3
May, and 20 May. The near-surface PMio concentration increased rapidly as wind
speed increased. The daily peak PMio concentrations were 19888.1, 16438.5, and
8745.8 pg/m?, respectively, while the corresponding increases in daily mean PMio
concentration above background levels were 11782.7, 2504.3, and 2602.1 pg/m3,
respectively. The 26 March storm lasted about 22 h. The daily cumulative downward
shortwave radiation (SW)) decreased by 19.08 MJ/m? relative to the background,
corresponding to a reduction of 92%. The downward longwave radiation (LW))
increased by 5.85 MJ/m?, while the change in surface net radiation was —5.42 MJ/m?.
The 3 May and 20 May events lasted about 11 h and 6 h, respectively. The SW,
decreased by 20.77 and 13.40 MJ/m? relative to the background , corresponding to

reductions of 77% and 49.8%, respectively. Surface net radiation decreased by 7.69

12
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268
269

270
271
272
273
274
275
276
277
278
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and 4.45 MJ/m?, respectively.
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Figure 2 Observed time series of the three dust storm events based on measurements.

Figure 3 shows the WRF-Chem validation results and statistical metrics for the
three dust events. The correlation coefficients (R) between the simulated and observed
PMio at the Tazhong station were 0.86, 0.27, and 0.26 for the three events,
respectively. The correlation coefficients between the simulated AODsso and the
MERRA-2 dust AOD (AODuust) were 0.781, 0.465, and 0.538, respectively. In terms
of event evolution, the model reproduced the onset time, magnitude, and duration of
the all three dust events The simulation performed well for the 26 March event,
whereas the correlations were lower for the two May events. In terms of magnitude,
the simulated peak PM1o concentrations were 11004.17, 6365.63, and 4415.80 pg/m?,
respectively. These values were of the same order of magnitude as the observed peaks,
indicating that the model captured the relative intensity ranking of the three events.
For radiation, the model slightly overestimated the shortwave and underestimated
longwave radiation, but captured the abrupt changes in radiation around dust onset

and dissipation.

13
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Figure 3 Validation of WRF CTL results against measurements.
3.1.2 Spatial distribution of dust sources and vertical structure of dust
Figure 4 shows the spatial distributions of daily cumulative dust emission
(g/(m*-day)) and total dust loading (mg/m?) for the three dust storms. The two
quantities exhibit distinct spatial patterns. For surface dust emission (left column of
Fig. 4), the area of strongest emission on 26 March was concentrated along the
northeastern edge of the desert, where the maximum daily cumulative emission

reached 83.16 g/(m?-day), compared with 11.04 g/(m?-day) at the Tazhong station. On
14
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293 3 May, the emission band extended southwest from the northeast part of the desert,
294  with a daily cumulative dust emission of 3.77 g/(m?-day) at Tazhong. On 20 May , the
295  emission area was more dispersed, with a corresponding value of 3.70 g/(m?-day) at
296  Tazhong. Dust emissions at Tazhong decreased across the three events, consistent
297  with the simulated peak near-surface PM1¢ concentrations of 11004.17, 6365.63, and
298  4415.80 pg/m?, respectively. The ranking of these simulated peaks was also consistent
299  with that of the observed peaks (19888.1, 16438.5, and 8745.8 pug/m?, respectively).

300 The total loading at the time of peak near-surface PMio concentration, together
301  with the 850 hPa wind field (right column of Fig. 4), indicates that dust was
302  transported toward the central-eastern basin under the influence of the 850 hPa flow,
303  forming continuous dust belts. On 26 March and 3 May, dust plumes with high
304  column loadings passed directly over the Tazhong station, with column-integrated
305  dust loadings of 6541.35 and 4057.64 mg/m?, respectively. On 20 May, surface dust
306 emission was the lowest of the three events. However, under sustained easterly
307  transport and the influence of the western basin's topography, dust converged toward
308  the east, where the regional maximum total dust loading reached 10698.57 mg/m?,
309  while the loading over Tazhong was 4508.99 mg/m?. These results indicate that
310  near-surface wind erosion controls the emission strength at the source, while dust
311  transport and topography further shape the spatial distribution and accumulation of

312  dust aloft.
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314 Figure 4 Surface wind erosion source intensity and total column dust mass distribution for the three
315 dust storms.
316 3.2 Quantitative analysis of dust radiative effects and radiative forcing
317 3.2.1 Effects of dust on surface radiation components and direct radiative
318forcing
319 Figure 5 shows the hourly evolution of the surface radiation components, the
320  diffuse fraction (Kq), the direct-to-diffuse ratio (DIR/DIF), and the simulated dust
321  concentration at the Tazhong station during the three dust storms. In the SENS
322  experiment, in which dust-radiation interaction were disabled, the surface global
323 horizontal irradiance (GHI,i.e., SWDOWN) exhibited a typical single-peak diurnal
324  cycle, with a midday maximum of about 1000 W/m?, dominated by the direct
325  component (DIR, i.e., SWDDIR). In the CTL experiment, in which dust-radiation

16
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326 feedback was enabled, surface solar radiation was markedly reduced. The 26 March
327  storm lasted about 22 h.The simulated near-surface PMio concentration peaked at
328  11004.17 pg/m?, while the peak and mean AODsso values during the dust period were
329  4.505 and 2.560, respectively. The change in direct radiation reached —817.46 W/m?,
330  while diffuse radiation (DIF, i.e., SWDDIF) increased by up to 388.12 W/m?. Peak
331 total irradiance decreased by 455.54 W/m? and the mean attenuation of total
332  irradiance over the dust period was 47.8%. On 3 May and 20 May, diffuse radiation
333  increased by up to 566.26 and 528.26 W/m?, respectively, while the mean attenuation
334 of total irradiance over the respective dust periods was 30.1% and 23.4%,
335  respectively.

336 Dust markedly changed the composition of the solar radiation reaching the
337  surface. During non-dust background periods, K; was generally 0.15-0.30, and
338 DIR/DIF could reach 4.5-5.5. After dust onset, Ky rose rapidly and exceeded 0.80,
339  indicating a clear increase in the proportion of diffuse radiation in surface shortwave
340  radiation. During the core period of the 26 March storm, the mean K, was 0.992, and
341  DIR/DIF approached 0. The mean K values over the dust periods on 3 May and 20
342 May was 0.836 and 0.641, respectively. Across the three events, increasing dust
343  loading was associated with stronger attenuation of direct radiation and a shift in
344  surface radiation from a direct-dominated to a diffuse-dominated state. In addition,
345  the simulated near-surface PMio concentration remained at 6008.29 pg/m*® for 6 h
346  after the 26 March storm ended, indicating that surface radiation remained strongly

347  affected during the dust dissipation stage.
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349 Figure 5 Evolution of surface solar radiation components, scattering characteristics, and dust loading at
350 Tazhong during the three dust events.

351  Note: Top panels show total radiation (GHI), direct radiation (DIR), and diffuse radiation (DIF) with dust feedback
352 on and off; middle panels show the diffuse radiation fraction (Ka) and direct/diffuse ratio (DIR/DIF); bottom
353  panels show the simulated near-surface PMio concentration and aerosol optical depth (AODsso). The yellow shaded
354 areas indicate dust weather periods.

355 Figure 6 further shows the surface shortwave and longwave radiative forcing
356  (DRFsg) during the three dust storms, together with the linear relationships between
357  the surface shortwave radiative forcing (fswsgrr) and AODsso. The slopes of the fitted
358  regression lines represent the surface shortwave radiative forcing efficiencies.

359 In the shortwave band, dust scattering and absorption reduced the shortwave
360 radiation reaching the surface, making the surface shortwave radiative forcing
361  negative (DRFS¥ < 0) . During the 26 March dust storm, the strongest shortwave
362  cooling forcing reached —282.43 W/m?, with a daytime mean of —172.91 W/m?. The
363  strongest shortwave cooling forcing on 3 May and 20 May was —254.49 and

364  —117.35 W/m?, respectively. In the longwave band, dust absorbed surface longwave
18
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365 radiation and re-emitted part of it downward, resulting in positive surface longwave
366  radiative forcing (DRFSR < 0). The maximum longwave warming forcing values for
367 the three events were 89.11, 77.55, and 51.86 W/m?, respectively, while the
368  dust-period mean values ranged from 33.09-39.72 W/m?.

369 Daytime regression analyses showed that the surface shortwave radiative forcing
370  was significantly and negatively correlated with AOD550 in all three events, with
371  absolute correlation coefficients of 0.80—0.92 (P<0.001). The corresponding surface
372 shortwave radiative forcing efficiencies (fswsrr) were —50.6, —80.7, and —71.9
373 W/(m?1) per unit AOD, respectively, indicating that surface shortwave radiative
374  forcing decreased by approximately 50.6—80.7 W/(m?-1) per unit increase in AODsso.
375  The absolute forcing efficiencies on 3 May and 20 May were higher than on 26 March,
376  possibly related to the higher solar elevation angle and stronger incident shortwave

377  radiation in May.
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379 Fig 6 Surface direct radiative effects and shortwave radiative forcing efficiency fits for the three dust
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380 storms.
381 Note: Top panels show the hourly time series of surface shortwave radiative forcing, longwave radiative forcing
382 ( DRF$ES), and total net direct radiative forcing ( DRFYEC); the warm sand-colored shaded areas indicate dust

383 storm periods. Bottom panels show the scatter distribution and linear regression fits of daytime surface shortwave

384 direct radiative forcing against dust aerosol optical depth (DRFSc ) during effective daylight hours; the fitting

385 equation, radiative forcing efficiency (AODsso), correlation coefficient (fswsrr ), and P value are given in the
386 boxes.

387 3.2.2 Spatial distributions of surface and atmospheric dust radiative forcing

388 Figure 7 shows the spatial distributions of surface and atmospheric radiative

389  forcing during the three dust storms. Overall, the dust radiative effects were
390 characterized by reduced surface shortwave radiation, increased surface longwave
391  radiation, and atmospheric shortwave absorption accompanied by atmospheric
392  heating.
393 The surface shortwave radiative forcing (DRFsw, Fig. 7a.e,i) was negative
394  across the study region. During the 20 May event, surface shortwave attenuation was
395  strongest, with the most negative regional value reaching —307.54 W/m? and a
396  regional mean of —19.94 W/m?. The most negative regional values on 26 March and 3
397  May were —105.70 and —154.92 W/m?, respectively, with corresponding regional
398  means of approximately —10.27 and —10.39 W/m?. The areas of stronger shortwave
399  attenuation broadly coincided with the dust transport belt guided by the 850 hPa
400  easterly flow.
401 The surface longwave radiative forcing (DRFpy , Fig. 7b.f,j) was predominantly
402  positive. The regional maximum values of surface longwave warming forcing for the
403  three events were 48.59, 62.00, and 110.32 W/m?, respectively, while the regional
404  mean values ranged from 3.99 to 7.56 W/m?2. The spatial distribution of longwave
405  forcing was smoother, and its influence extended over a broader area.

ATM

406 The atmospheric shortwave radiative forcing ( DRFgy , Fig.7c,g,k) was

407  predominantly positive, with high-value areas broadly corresponding to regions of

20
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408  strong surface shortwave attenuation. The regional maximum atmospheric shortwave
409  heating values on 20 May, 3 May, and 26 March were 310.36, 161.20, and 91.95
410  W/m?, respectively. The corresponding regional mean atmospheric shortwave
411  absorption values were 23.25, 11.13, and 9.87 W/m? respectively. The atmospheric
412 longwave radiative forcing (DRFfw", Fig.7d,h,l) was predominantly negative, with
413  regional means values ranging from —5.26 to —3.42 W/m? This indicating that the dust
414  layer absorbed longwave radiation from the surface and atmosphere while also

415  emitting longwave radiation, thereby contributing to atmospheric cooling.
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417 Figure 7 Spatial distribution of mean radiative forcing and the 850 hPa steering wind field during the
418 three dust storms.

419  Note: From left to right: surface shortwave radiative forcing, surface longwave radiative forcing,
420 in-atmosphere shortwave absorption forcing, and in-atmosphere longwave cooling forcing. The dashed
421 circle marks the Taklimakan Desert boundary, and the star marks the Tazhong station.

422 Table 2 summarizes the event-mean radiative forcing at three spatial scales—the
423  Tazhong station, the regional mean, and the regional extreme—for each of the three
424 dust storms.The comparison indicates that dust-induced surface shortwave attenuation
425  was spatially concentrated. At Tazhong, the event-mean surface shortwave radiative
426  forcing (DRFSS&Z ) ranged from —90.52 to—84.46 W/m?, approximately 4-9 times the
427  magnitude of the corresponding regional means (—19.94 to —10.27 W/m?). The

21
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strongest regional shortwave attenuation occurred on 20 May, when the most negative
regional value reached —307.54 W/m?, indicating that the strongest shortwave loss
was concentrated in areas with high dust loading.

The spatial variation in surface longwave warming is smaller than that in
shortwave attenuation. At Tazhong, the event-mean surface longwave radiative
forcing (DRFES&) ranged 33.09-39.72 W/m?, approximately 5.3-8.3 times the
corresponding regional mean. The regional maximum longwave forcing values ranged
48.59—-110.32 W/m?, with the highest value occurring on 20 May.

The atmospheric shortwave radiative forcing (DRFé\TVM) at Tazhong ranged
86.56-102.99 W/m? comparable in magnitude to the corresponding surface
shortwave reduction (—84.46 to —90.52 W/m?). This indicates that a substantial
portion of the lost surface solar radiation was absorbed by the dust layer. Meanwhile,
the atmospheric longwave radiative forcing (DRF{M) at Tazhong ranged from—39.67
t0—23.20 W/m?, with absolute magnitudes larger than those of the corresponding
regional mean values (—5.26 to —3.42 W/m?). The coexistence of surface cooling and
atmospheric heating alters the near-surface thermal structure and may enhance

lower-atmospheric stability.

Table 2 Multiscale comparison of dust radiative forcing during the three dust storm events.

Dust event Spatial scale Surface Surface Atmospheric Atmospheric
shortwave longwave shortwave longwave
radiative radiative radiative radiative
forcing forcing forcing forcing
DRF§,S DRESES DRF4 DRFM
(W/m?) (W/m?) (W/m?) (W/m?)
Tazhong -90.21 +39.15 +86.56 -39.67
station
Case 1 (26
Regional mean -10.27 +5.28 +9.87 -4.93
March;,22h)
Regional -105.70 +48.59 +91.95 -50.58
extreme
Tazhong -90.52 +33.09 +91.57 -23.20

station
Case 2 (3 May;11 h)
Regional mean -10.39 +3.99 +11.13 -3.42

Regional —-154.92 +62.00 +161.20 —-55.43
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extreme

Tazhong —84.46 +39.72 +102.99 —28.93

station
Case 3 (20 May; 06 h)  Regional mean -19.94 +7.56 +23.25 -5.26
Regional -307.54 +110.32 +310.36 -98.93

extreme

446 3.2.3 Vertical structure of dust radiative forcing and atmospheric heating rate
447 To analyze dust-induced shortwave attenuation at different altitudes and its effect
448  on atmospheric heating, this section examines the vertical radiation budget above the
449  Tazhong station during the three dust storms. The radiative heating rate (K/day)
450  describes the rate of temperature change caused by radiative processes (Huang et al.,
451  2009), while the planetary boundary layer height (PBLH) characterizes the depth of
452  the planetary boundary layer, where near-surface thermal and dynamical processes
453  dominate. Figure 8 shows the event-mean vertical profiles of dust-induced changes in
454  net shortwave radiation, atmospheric shortwave heating rate, and dust mass
455  concentration.

456 Figure 8a shows that shortwave radiation is progressively attenuated by dust as it
457  propagates downward from upper levels to the surface. Above 4 km, where the dust
458  concentration are low, the change in net shortwave radiation is weak, ranging from
459  —0.67 to —0.01 W/m2and remaining close to zero. Once the radiation enters the main
460  dust layer, the attenuation strengthens progressively with decreasing altitude and
461  reaches its largest absolute magnitude near the surface (—90.52 to —84.46 W/m?). On
462 20 May, dust was distributed higher, extending above 3 km, with noticeable
463  attenuation already occurring near 3 km. In contrast, on26 March, dust was
464  concentrated near the surface, and the attenuation occurred mainly below 1 km.

465 The atmospheric shortwave heating rate and the dust mass concentration show
466  similar vertical distributions (Fig.8b,c). On 26 March and 3 May, the maximum
467  near-surface heating rates reached 12.61 and 11.49 K/day, respectively, both occurring
468 in the dust-rich near-surface layer. With increasing altitude, dust concentrations and

469  heating rates decreased, with the heating rates declining rapidly toward 0 K/day above
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the corresponding PBLH (0.40-2.18 km). These results indicate that the the vertical
extent of the dust layer directly determines the altitude range of atmospheric
shortwave absorption and heating.

The vertical structures of the three events differ markedly. On 26 March and 3
May, dust was concentrated at low levels, with the maximum heating rate occurring
near the surface. On 20 May, dust was lifted above 3 km, and the heating extended to
higher altitudes. The radiative influence of the latter event therefore extended beyond

the boundary layer into the free atmosphere above.
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Fig 8 Vertical profiles of net shortwave radiation attenuation (a), atmospheric shortwave heating rate
(b), and dust mass concentration (c) during dust periods.
Note: The horizontal dotted lines in panel b indicate the mean PBLH during the dust period for each event; the
curves represent the vertical variation from 0 to 5 km.
Figure 9 shows a longitude—height cross-section along 39°N passing through the

Tazhong station, with height expressed in kilometres above sea level (ASL) using
24
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485  geopotential height. The figure presents the daily-mean dust concentration and
486  radiative heating characteristics for the three dust storms.

487 The daily-mean dust concentration and its vertical distribution (Fig. 9a), reveal
488  distinct transport and vertical-lifting characteristics among the three events. The 26
489  March event occurred in early spring, when dust was mainly confined to a shallow
490 layer extending from 76.0°E—90.0°E, with a peak concentration of 8238.4 pg/m* and
491  the top of the main dust-layer remaining below 3.35 km. The 20 May event exhibited
492  a greater vertical extent, with a maximum daily-mean dust height of 5.07 km, clearly
493 higher than those of the two earlier events.

494 The daily-mean radiative heating and cooling structure (Fig.9b,c) show that
495  shortwave absorption within the dust layer produces atmospheric heating, whereas
496  longwave radiation effects produce cooling. The maximum daily-mean shortwave
497  heating rates for the three events were 5.94, 10.99, and 17.38 K/day for 26 March, 3
498  May, and 20 May, respectively, while the extreme longwave cooling rates ranged from
499  —9.38 to —5.34 K/day. When the shortwave and longwave effects are combined (Fig.
500  9d), the net radiative heating rate is generally positive in the dust-affected region, with
501  local values ranging from 0.60 to 8.00 K/day. These results indicate that, even in the
502 24 h daily mean, shortwave absorption by dust exceeds the longwave radiative
503  cooling, resulting in net radiative heating of the dust layer. Together with the reduced
504  surface shortwave radiation, this process alters the radiative energy partitioning in the

505  near-surface atmosphere.
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507  Figure 9 Longitude-height distribution along the 39°N cross-section of all-day mean dust mass
508 concentration (a), shortwave heating rate (b), longwave cooling rate (c), and net radiative heating rate
509  with isotherms (d) for the three dust days.

510  Note: The gray shaded area represents the actual basin topography, and the magenta vertical dashed
511 line marks the Tazhong station at 83.65°E. The black dashed lines are atmospheric isotherms (°C). All
512 variables are all-day averages from 00:00 to 23:00 BJT on the dust days.

513 3.3 Impact of dust radiative effects on PV irradiance and power generation

514 Using the radiation and meteorological variables simulated by WRF-Chem to
515  drive the PV output model described in Sect. 2.5.5, we estimated the PV power loss
516  attributable to dust radiative effects by comparing the simulated generation between
517 the CTL and SENS experiments. When the CTL results were compared with the
518  observed (Obs) daily generation for the three dust events, the correlation coefficient
519  (R) between simulated and observed daily generation was 0.985 for the 26 March
520  storm, with a root mean square error (RMSE) of 123.33 MWh and a mean bias (MB)

521  of +24.08 MWh. The corresponding R values for the 3 May and 20 May events were
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522 0.899 and 0.667, respectively. The R values for the equivalent utilization hours (Huay)
523  across the three events were 0.989, 0.928, and 0.662, respectively, while those for the
524  temperature correction factor (cr) were 0.985, 0.915, and 0.920, respectively. Overall,
525  the CTL experiment reproduced the PV generation variations of the three events
526  reasonably well, providing a basis for further comparison with the SENS experiment.
527 Figure 10 shows the plane-of-array irradiance (POA), the simulated daily
528  generation (EctL), and the absolute and relative changes between the CTL and SENS
529  experiments during the six days periods preceding and following each dust event.
530  After the strong 26 March storm, the daily cumulative POA dropped from the SENS
531  background value of 20.44 MJ/m? to 10.01 MJ/m?, a change of —10.43 MJ/m?. The
532  simulated daily generation dropped from 537.33 to 263.49 MWh, a decrease of
533 273.84 MWh (50.96%). From 27 to 29 March, under the continued influence of dust
534  and residual airborne dust, daily generation remained 17.83%-26.81% below the
535  background level. The 3 May storm reduced daily generation by 117.19 MWh
536 (18.68%). The 20 May event had a shorter duration and lower simulated peak PMo
537  concentration than the two earlier events. Its generation decreased by 11.82 MWh,
538  corresponding to a 1.87% reduction.

539 On clear-sky or low-aerosol background days around the three events, the
540  relative changes in daily generation were mainly in the range of —1.5% to +3.9%. This
541 indicates that, under low aerosol loading, enhanced diffuse radiation and lower
542 module temperature can partially offset reductions in PV output during certain periods.
543  However, this compensation is clearly smaller than the direct radiation loss caused by

544  strong dust storms.
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Figure 10 Daily comparison of POA irradiance and PV generation changes during the three dust

Figure 11 shows the hourly changes in the radiation components and module
temperature for the 12 selected days on which daily generation increased slightly. The

increase did not occur throughout the entire day but was concentrated mainly in the

Regarding the radiation components (Fig.11a), low dust concentrations enhanced
diffuse radiation. The change in the diffuse fraction (ARatioprr) ranged from —16.29%
to +75.19%, and the diffuse component even exceeded the direct component (DIF >
DIR) during some periods. During the morning and evening, the desert surface albedo
The corresponding bifacial gain (4,), was
together with the
enhanced diffuse radiation, increased the plane-of-array (POA) irradiance by 0.08—

93.19 W/m? during some periods, ultimately resulting in daily generation increases of
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560  1.57-23.64 MWh.

561 These generation gains occurred mainly under low dust concentrations or
562  immediately before or after dust events and lasted only briefly. As dust concentration
563  increased, direct-radiation losses intensified rapidly and soon exceeded the
564  compensation provided by enhanced diffuse radiation and lower module temperature.

565  Consequently, PV generation decreased over the dust events as a whole.
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567 Figure 11 Continuous evolution of hourly radiation component fractions, POA increment, and module
568 temperature changes on positive-gain sample days.
569 Figure 12 shows the empirical relationships between AODsso, near-surface PMio,

570  and POA irradiance loss, based on all valid daytime hourly samples from the three
571  dust events. Figure 12a shows that the POA irradiance loss ratio increases nonlinearly
572 with AODsso.The fitted relationship is given by:

573 y = 100.0 X (1 — e™0-16%)

574  The fitted relationship yielded a correlation coefficient of R = 0.853 (P < 0.001).
575  When AODsso < 1.0, the POA irradiance loss ratio is generally below 20%.When
576  AODsso > 2.0, the loss ratio increases markedly, reaching 50% - 60% during strong
577  dust storms.

578 Figure 12b,c further show that APOA follows significant power-law relationships
29



https://doi.org/10.5194/egusphere-2026-5748
Preprint. Discussion started: 27 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

579  with both the column AODsso and the near-surface PMio concentration. The fitted
580  equations are:

581 y = 74.1 x x138

582 y = 0.0092 x x138

583  Both relationships yielded R = 0.889 (P < 0.001). When near-surface PMio
584  concentrations exceeds 1500 pg/m?, POA irradiance attenuation (APOA) exceeds 300
585 W/m? and can approach 500 W/m?2 These results indicate that AODsso and
586  near-surface PMio can both characterize the change in the irradiance received by PV
587  arrays under dusty conditions, providing empirical relationships for estimating
588  generation losses at desert PV plants where radiation measurements are unavailable.
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589
590 Figure 12 Empirical response relationships between dust parameters and PV POA radiation

591 attenuation.

592 4 Discussion

593 4.1 Effects of dust event characteristics on radiation attenuation

594 The three spring dust storms exhibited clearly different radiation responses,
595  indicating that dust loading and event duration jointly affect surface solar radiation
596  attenuation. The 26 March event lasted about 22 h, with a peak PM19 concentration of
597  19888.1 pg/m? and a peak AODsso of 4.505. The mean attenuation of total irradiance
598  during the dust period was about 47.8%. In contrast, the 3 May and 20 May events

599  lasted about 11 h and 6h, with corresponding attenuation values of 30.1% and 23.4%,

30
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600  respectively. This difference indicates that when the dust-column loading remains
601  high and the event persists for a long time, a higher aerosol optical depth not only
602  strengthens the instantaneous radiation extinction but also prolongs the period of
603  strong surface radiation attenuation, thereby increasing the cumulative radiation loss
604 over the entire event.

605 In terms of the radiation components, dust does not simply reduce total surface
606  solar radiation; it also redistributes radiation between the direct and diffuse
607  components. As AOD increases, the direct radiation attenuates rapidly and the diffuse
608  fraction increases markedly (Li et al., 2025; Wild et al., 2012). The diffuse fraction K4
609  averaged 0.992 during the 26 March event, indicating that surface solar radiation was
610  almost entirely diffuse under heavy dust conditions. Meanwhile, surface shortwave
611  radiative forcing was significantly negatively correlated with AODsso (Yu et al., 2006),
612  indicating dust optical loading is an important factor controlling surface shortwave
613  attenuation. This shift from a direct-dominated to a diffuse-dominated state is
614  consistent with the established understanding that aerosols enhance diffuse radiation.
615 It should be noted that, in the three events studied here, the dust intensity and
616  event duration varied together. Therefore, the results are better interpreted as
617  differences among events under the combined influence of these factors, rather than as
618  a clear separation of their individual contributions. In particular, the 26 March event
619  had the highest PMio concentration and AODsso as well as the longest duration. Its
620  larger cumulative radiation loss therefore reflects the combined effect of a higher dust
621  loading period of radiation attenuation. By contrast, the lower cumulative losses of the
622  two May events correspond to lower dust loading and shorter durations. These
623  difference suggests that, for assessing the impact of dust on solar energy resources,
624  instantaneous particle concentrations alone may be insufficient; the duration of dust

625  events should also be considered.
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626 4.2 Vertical redistribution of dust radiative energy between surface cooling and

627  atmospheric heating

628 An important feature of the dust radiative effect is not simply a reduction in
629  surface radiation but a redistribution of radiative energy between the surface and the
630  dust layer. The differences between the CTL and SENS experiments indicate that,
631  across the three events, the magnitude of the surface shortwave radiative forcing at
632  Tazhong ranged from84.46 to 90.52 W/m?, while the atmospheric shortwave radiative
633  forcing ranged from +86.56 to +102.99 W/m?2. Although the surface shortwave loss
634  and the atmospheric shortwave radiative forcing are not strictly equivalent on a
635  one-to-one basis, they are of comparable magnitude. This indicates that the absorption
636  and redistribution of solar shortwave radiation by the dust layer are important
637  contributors to the surface shortwave loss.

638 This energy redistribution also exhibits a clear vertical structure. The
639  atmospheric shortwave heating rate peaks near the surface, reaching +12.61 and
640  +11.49 K/day on 26 March and 3 May, respectively, whereas the radiative influence of
641  the 20 May dust event extended above 3 km. This heating rate is consistent with the
642  shortwave heating peak estimated by Huang et al. (2009) for strong dust events over
643 the Taklimakan Desert, but substantially exceeds the annual-mean heating rate of 0.93
644  K/day derived by Xu et al. (2023) from multi-year climatology. This contrast
645  highlighting the intense radiative effect of extreme dust events on the local thermal
646  structure. The vertical differences among the events indicate that the dust radiative
647  effect depends not only on the total column AOD but also on the vertical distribution
648  of dust (Ge et al., 2010). When high-concentration dust is confined near the surface,
649  shortwave attenuation and heating are concentrated within the boundary layer. When
650  the dust layer reaches higher altitudes, radiative heating also extends upward. This
651  "surface cooling—lower-atmospheric heating"structure may further change the
652  near-surface thermal conditions and boundary-layer development (Rémy et al., 2015),

653  and is consistent with the temperature inversion observed near the dust-layer top of
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654 the dust layer (Meng et al., 2026).

655 It should be emphasized that this study identifies the process mainly from the
656  perspective of radiative forcing and heating rates. Strong low-level dust heating may
657  enhance near-surface thermal stability and suppress some vertical mixing, but it does
658  not demonstrate that convection is completely suppressed. Dust radiative feedback not
659  only changes the solar energy resource reaching the surface but may also affect the
660  vertical evolution of the dust layer itself by modifying the atmospheric thermal

661 structure.

662 4.3 PV generation attenuation caused by dust radiative effects

663 The impact of dust on PV generation occurs mainly through changes in the
664  irradiance incident on the modules and its direct—diffuse composition, rather than
665  through a simple reduction in total solar irradiance. In all events, direct radiation was
666  rapidly attenuated during the intense dust stage, causing a marked decrease in POA
667  irradiance and consequently, PV generation. Simulated daily generation decreased by
668  50.96% during the intense dust storm on 26 March, a substantially greater reduction
669  than those observed in the two May events. This loss is comparable in magnitude to
670  the reduction in solar power estimated by Bergin et al. (2017) for severely
671  aerosol-polluted regions, highlighting the combined effects of high dust loading and
672  prolonged event duration on solar resource and power output.

673 In terms of radiation composition, dust enhances the scattering of solar radiation
674  in the atmosphere, increasing the diffuse fraction reaching the modules. This is
675  consistent with the recovery in PV output observed by Ravindra et al. (2017) under
676  light floating-dust conditions. Under low dust loading and during the transitional
677  stages of dust onset and dissipation, this enhanced scattering may partially
678  compensate the direct-radiation losses (Peters et al., 2019). At the same time, weaker
679  shortwave absorption may lower the module temperature, thereby partially offsetting
680  temperature-related power losses (Skoplaki & Palyvos, 2009). For bifacial glass—glass

681  modules, enhanced sky-diffuse and ground-reflected radiation may also contribute to
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682  increased rear-side irradiance (Guerrero-Lemus et al., 2016; Janssen et al., 2015).
683  Therefore, under low dust loading, PV generation does not necessarily decrease
684  immediately or monotonically; short-term radiative compensation or even a slight
685  increase in generation may occur.

686 However, this compensation occurs only under certain conditions. As AOD and
687  PMio concentrations increase further, direct radiation losses rapidly outweigh the
688  gains associated with enhanced diffuse radiation and rear-side irradiance, ultimately
689  leading to a decrease in POA irradiance and PV generation. The impact of dust on PV
690  systems therefore depends strongly on the prevailing radiation conditions. Under low
691  dust loading, a compensation window may exist, whereas under high dust loading the
692  impact shifts to an energy deficit dominated by direct-radiation losses. This also
693  indicates that a simple classification of conditions as "dusty" or "non-dusty" may be

694  insufficient to characterize the actual impact on PV systems.

695 4.4 Short-term radiation compensation window under low dust loading and

696  transitional stages

697 It is worth noting that the PV response was not uniform in direction or magnitude
698  across all dust conditions. Under low dust loading and during dust onset and
699  dissipation of dust events, POA irradiance and simulated generation increased slightly
700  during some periods. Further analysis showed that these periods were characterized
701 by a high contribution from diffuse radiation (Gu et al., 2020). In some samples, the
702  bifacial gain coefficient 4, reached 13.17%-19.93%, corresponding to increases in
703  POA irradiance of 0.08-93.19 W/m? and a daily generation of 1.57-23.64 MWh. This
704  indicates that, under specific radiation conditions, the reduction in direct radiation
705  associated with increasing dust loading does not translate directly into an equivalent
706  net loss in PV output. Enhanced diffuse radiation, ground-reflected radiation, and
707  lower module temperature may jointly provide partial compensation.

708 For bifacial glass—glass modules, this compensation has a physical basis. In

709  addition to receiving front-side solar radiation, bifacial modules can utilize
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710  ground-reflected and diffuse radiation incident on their rear sides. Their response
711  therefore depends not only on total irradiance but also on the direct-to-diffuse ratio,
712 surface albedo, and rear-side irradiance. In this study, higher surface albedo and the
713 calculated bifacial gain during some morning and evening periods, together with
714  changes in shortwave radiation composition, contributed to a small increase in PV
715 output. It should be emphasized, however, that this compensation occurs only under
716  low-to-moderate dust optical loading and specific solar elevation angles. It is
717  short-lived, and as the dust loading increases, direct-radiation losses soon outweigh
718  the gains associated with diffuse radiation and potential rear-side contributions.

719 Therefore, from a PV operational perspective, dust events should not be treated
720  as a single load state; they can be divided into pre-onset, intensification, peak-dust,
721  and dissipation stages. During low-loading and potential rear-side contributions from
722  bifacial modules may provide partial compensation. During high-loading stages,
723 generation loss caused by direct-radiation attenuation should be the primary concern.
724  This understanding provides a useful perspective for developing PV operational
725  assessment methods that account for the dust optical state and radiation composition.
726 ~ However, the magnitude of the actual gains still needs to be validated through
727  longer-term field observations of PV modules and independent experiments under
728  different installation configurations.

729 5 Conclusions

730 Using the WRF-Chem model, we performed paired simulations with and without
731  dust radiative feedback for three dust storms over the Tazhong region in spring 2025
732 (26 March, 3 May, and 20 May). Combined with surface observations and reanalysis
733 data, these simulations were used to analyze the effects of the dust events on the
734 radiation budget, atmospheric heating, and PV generation. The main conclusions are
735  as follows.

736 (1) The model reproduced the three dust events and their radiative evolution.

737  The correlation coefficient between simulated and observed PM o was 0.86 for the 26
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738  March event and lower for the 3 May and 20 May events. The correlation coefficients
739  between the simulated AODsso and the MERRA-2 dust AOD were 0.781, 0.465, and
740  0.538, respectively. Although the shortwave radiation was somewhat overestimated
741  and the longwave radiation somewhat underestimated, the model captured the main
742  radiative changes during the dust events.

743 (2) Dust radiative feedback markedly weakened the surface shortwave radiation,
744  producing a surface radiative response dominated by shortwave cooling. Across the
745  three events, the surface shortwave radiative forcing at Tazhong ranged from -90.52 to
746  -84.46 W/m?, while the surface longwave radiative forcing ranged from +33.09 to
747  +39.72 W/m?. The longwave warming was insufficient to offset the shortwave cooling.
748  As dust loading increased, direct radiation was attenuated rapidly and the diffuse
749  fraction increased, with Ky averaging 0.992 during the 26 March event, indicating a
750  marked change in the composition of surface solar radiation under heavy dust loading.
751 (3) The dust radiative effect involved a vertical redistribution of radiative
752 energy, with simultaneous surface cooling and atmospheric heating. The atmospheric
753  shortwave radiative forcing at Tazhong ranged from +86.56 to +102.99 W/m?,
754  comparable in magnitude to the concurrent surface shortwave radiative forcing. The
755  maximum near-surface atmospheric shortwave heating rates reached +12.61 and
756  +11.49 K/day on 26 March and 3 May, respectively, while the radiative influence of
757  the 20 May event extended above 3 km. Dust not only weakens the solar radiation
758  reaching the surface but also absorbed and redistributes part of the shortwave energy
759  within the dust layer, altering the radiative energy partitioning between the surface
760  and the atmosphere.

761 (4) The effects of dust radiative forcing extended to the PV incident irradiance
762 and PV generation, with clear stage dependence. Simulated daily generation
763  decreased by 50.96% ,18.68% and 1.87% during the 26 March, 3 May, and May event,
764  respectively. During the strong-dust stage, direct-radiation losses dominated. Under

765  low dust loading and during dust onset and dissipation of dust events, enhanced
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766  diffuse radiation, lower module temperature, and potential contributions from
767  rear-side irradiance in bifacial modules could provide partial compensation, resulting
768  in small increases in POA irradiance and generation during some periods. However,
769  these gains could not offset the radiative loss under heavy dust loading.

770 (5) PV irradiance loss was nonlinearly related to the dust aerosol loading. The
771  POA loss ratio increased nonlinearly with AODsso, while the absolute POA irradiance
772 loss followed power-law relationships with both AODsso and near-surface PMio. Both
773  relationships had correlation coefficient of R = 0.889 (P < 0.001). These results
774  establish a quantitative relationship between dust aerosol loading and PV irradiance
775  loss, providing a reference for assessing solar energy resources and PV generation

776  under dusty conditions.
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