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Aerosols suspended in the atmosphere and deposited on solar panels reduce the solar power
generation through dimming and soiling effects, respectively. Here we evaluate the impact of a six-day
extreme dust event in March 2021 on the solar photovoltaic potential using an atmospheric chemical
transport model integrated with a radiative transfer and a photovoltaic estimation module. The solar
photovoltaic potential is found to be substantially reduced by up to 70% during this event, with the
dimming effect accounting for 84-89% of the reduction and the soiling effect contributing about 16%.
The estimated economic loss for the large-scale photovoltaic facilities in the affected regions is around
1.36 million American dollars, accounting for half of the installed capacity. Our results further reveal the
intensified dust impact on photovoltaic potential under the control of anthropogenic emissions, which
highlights the possibly stronger threat of future dust events on solar power generation under future

cleaner atmosphere.

Renewable energy accounts for 30% of the world’s primary energy (e.g.,
fossil fuels, wind power, and solar energy) supply in 2023". Its share could
rise to 30-40% by 2040°, driven by the technical advances, cost cut, and
encouraging policies aimed at accelerating the transition to cleaner energy
sources’. Solar energy, as a widely applicable, abundant, and clean source of
renewable power, is critically important in reducing the use of fossil fuel,
curbing greenhouse gas emissions, and alleviating energy shortage*’. Over
the past decade, China has made remarkable progress in utilizing solar
energy, reflected in the 130-fold growth of solar photovoltaic (PV) instal-
lations from 3 GW in 2011 to 393 GW in 2022, which accounts for 37.3% of
the total PV installations over the globe in 2022°. As the carbon neutrality
process advances, investigating the factors influencing solar power energy in
China becomes increasingly important.

Using a solar PV panel is the predominant method for converting
sunlight into usable electricity’. The diurnal solar cycle and cloud char-
acteristics are the key factors affecting the solar radiation reaching the
Earth’s surface and the solar PV efﬁciency*’“. Besides, atmospheric aerosols
also exert remarkable impacts'”. On one hand, suspended aerosols in the
atmosphere absorb and scatter sunlight, which attenuate the total radiation
reaching the Earth’s surface, thereby affecting the PV efficiency". This effect

is referred to as the dimming effect. On the other hand, aerosols deposit on
the surface of solar PV panels and reduce the transmission of radiation to the
panels, thereby reducing power generation efficiency. Such an effect is
referred to as the soiling effect.

A number of studies have assessed the impacts of aerosols on the solar
PV potential over different regions of the world”""'*". The solar PV
potential is commonly measured in terms of the plane-of-array irradiance
(POAI) or the capacity factor (CF). For example, Bergin et al." reported a
reduction in CF by about 20% in arid and semi-arid regions such as the
Arabian Peninsula due to dust emissions, and by 5-20% reductions in
polluted areas of eastern China and northern India due to ions and organic/
inorganic carbon. Using the surface solar irradiances from the Clouds and
the Earth’s Radiant Energy System (CERES) and the PVLIB-Python model,
Li et al.”” evaluated that the severe air pollution in East and North China led
to a 25-35% reduction in the POAI from 2003 to 2014. Yang et al.” explored
the differences in PV potential between southern China and northern India
and found that cloud is the dominant factor in the former, while both
aerosol and cloud are equally important to the POALI in the latter. Several
studies further quantified the dimming and soiling effects of aerosols on
solar PV potential separately. Li etal."’ conducted a twelve-year (2003-2014)
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study using multi-source satellite data and MERRA-2 dataset and found that
the aerosol soiling effect had a greater impact on PV potential than the
dimming effect. Using a global chemical transport model coupled with a
module for PV calculation, Yao et al."” also highlighted the relative impacts
of dimming and soiling and further found that the global spatial variations
in PV potential from 2008 to 2017 were mainly driven by precipitation and
aerosol composition.

The abovementioned studies mainly focus on the impacts of aerosols
on PV potential over multi-year to decadal timescales, while very few studies
have elaborated on the effects of the short-term but potentially more intense
aerosol pollution events. A key scenario that has been overlooked is the
extreme dust event, particularly in Northern China, where one of the major
dust sources on earth resides, and frequent dust storms occur'®"’. Large-
scale PV power plants are typically located in arid or desert regions, which
effectively avoids the encroachment on cropland™”' and enables large
potential for PV development™, but are prone to be influenced by the dust
events. Extremely high concentrations of dust aerosols (e.g., over 500 ug
m™’) in the atmosphere can greatly reduce the solar radiation reaching the
Earth’s surface through absorption and scattering”. Additionally, a large
amount of dust quickly deposits on the PV panels in a short-time period™,
and severely affects the PV power generation.

The impacts of dust event on PV potential are expected to become
increasingly prominent in China, with reduction in anthropogenic aerosols
driven by emission control, and with global warming™ . During dust event,
the contribution of dust particles to the total atmospheric aerosols becomes
increasingly large in China, as anthropogenic aerosol concentrations decline
due to stringent emission-reduction policies targeting primary pollutants™.
Meanwhile, global warming tends to intensify the convection over deserts
and boost strong dust aerosol emissions™, leading to more frequent and
more intense dust events. However, the reduction of the output capacities of
large-scale PV power plant infrastructure by dust events is not properly
quantified. It also remains unclear about how the dust impact on PV system
change in the context of reduced anthropogenic air pollutants and global
warming.

Here, we explore the impact of the most severe dust storm in the decade
0f2011-2021, which occurred on March 2021, on the PV potential in China.
We integrate satellite measurements of aerosol optical depths and the
GEOS-Chem chemical transport model at a regional high-resolution
domain to constrain and reproduce this dust event. The GEOS-Chem
model is then coupled with the rapid radiative transfer model (RRTMG)
and the PVLIB-Python module to estimate the impact of this dust event on
solar PV power generation in China (Supplementary Fig. 1). The variations
of the dust impact on PV potential under various dust emission intensities
and different anthropogenic emission scenarios are further explored. This
allows us to provide new insights into the interaction between anthro-
pogenic and natural aerosols on the radiation budget and PV potential.

Results

The extreme dust event in March 2021: Observations and
simulations

Figure la shows a snapshot of the dust event captured by the Moderate
Resolution Imaging Spectroradiometer (MODIS) onboard Aqua satellite on
15 March 2021. The extensive dust plumes cover a vast portion of northern
China, spanning an area of 3.8 million square kilometers, which is
equivalent to approximately 40% of the total land area of China. The dust
plumes initiate from the Gobi Desert (GD) region on 15 March, and are
transported downwind to North China Plain (NCP) and northeastern
China under the influence of Mongolian cyclone circulation, and last until
20 March®.

The dust aerosol optical depth (DOD) is derived based on the MODIS
Collection 6.1 Deep Blue algorithm aerosol retrieval products in March
from 2011 to 2021. Figure 1b-d show the spatial distribution of DOD in
China for March 2021, the ten-year average (2011-2020), and the DOD
anomaly in 2021, respectively. It is observed that the intensity of the 2021
dust event is unprecedentedly strong in the past decade. High DOD values

(i.e., DOD > 0.5) are mostly limited over Northwestern China (NWC) in
March on average (Fig. 1c), while particularly high DOD values which are
approximately 2.5 to 5 times greater than average are found over the GD and
NCP regions in March 2021 (Fig. 1b). The day-to-day variations of DOD for
the individual years from 2011 to 2021 further illustrate that the March 2021
dust event exhibits record-breaking high DOD levels in the past decade over
the GD and NCP regions (Fig. le-g). We thus focus on the impact of this
extreme dust event on the solar PV in China.

The GEOS-Chem v12.9.3 chemical transport model coupled with the
rapid radiative transfer module (GEOS-Chem-RRTMG) is used to repro-
duce the spatiotemporal distributions of dust concentrations, and to
interpret the radiative impacts of the March 2021 dust event. The GEOS-
Chem model simulates the emission, transport, chemistry, and deposition of
dust aerosols at four separate size bins (at the radii 0of0.1-1.0, 1.0-1.8, 1.8-3.0,
and 3.0-6.0 um) following Ginoux et al.”’ (2004). The smallest size bin is
further divided equally into four submicron size bins (with effective radii
centered at 0.15, 0.25, 0.4, and 0.8 um) to improve the representation of
optical properties and heterogeneous chemistry. In addition, the model
accounts for the wet and dry deposition processes of aerosols depending on
the size’'. These processes are simulated on three-dimensional grids at the
horizontal resolution of 0.5° x 0.625° driven by MERRA-2 reanalysis
meteorological data. Dust emissions are calculated using the Dust
Entrainment and Deposition (DEAD) scheme, which depends on the sur-
face wind speed, soil moisture, vegetation cover, and soil texture””>. DOD is
explicitly derived GEOS-Chem model based on the concentration, refractive
indices, size distributions, and hygroscopic growth properties of dust par-
ticles. The simulation period ranges from 1 March to 21 March, 2021, with
the first 14 days serving as the model spin-up period. More details on the
model description and settings are provided in the Methods section.

The GEOS-Chem simulation using the standard code and default
setting markedly underestimate the DOD in this dust event as compared
with the MODIS-retrieved counterpart. As shown in Supplementary Fig. 2,
the GEOS-Chem simulates a regional mean DOD of 0.18 over all three
regions of interest (NWC, GD and NCP) during 15-20 March, which is 79%
lower than that from Aqua MODIS retrieval. Such underestimation could
result from the inaccuracies in the dust source used in the model™".
Numerical models typically describe dust sources with static climatic dis-
tributions and ignore their dynamic evolution, while a dynamical adjust-
ment approach to the dust source function is applied in this study (see the
Methods section) to enhance the performance of model simulation before
reliable quantification of dust impacts could be achieved (Supplementary
Notes 1 and Supplementary Fig. 3).

Specifically, the DOD calculated on the basis of MODIS DB Collection
6.1 aerosol products are used to impose a top-down constraint on the dust
concentrations simulated by the GEOS-Chem model. The overall strategy is
to iteratively calculate the ratio of observed and simulated DOD for each
model grid, and then apply this ratio to scale the dust source function at the
corresponding grid in the GEOS-Chem simulation until the desired simu-
lation accuracy is achieved (Methods). Over the entire dust event, we con-
ducted a total of 83 iterative calculations to ensure the simulation error met
the predefined accuracy threshold. The detailed description of the processes
and results is summarized in the supplementary materials (Supplementary
Fig. 3-5 and Supplementary Table 1). It is important to note that our
method does not essentially improve the dust emission mechanisms in the
GEOS-Chem model. Instead, it enforces the consistency between the model
and observations by scaling the source function. Such an approach practi-
cally fulfills our aim to quantify the impacts of dust events on the solar PV
potential, while further improvements to the dust emission process within
the model are needed but outside the scope of this study.

Figure 2 shows the comparison of observed and simulated DOD in this
extreme dust event after the top-down constraint. The optimized GEOS-
Chem effectively captures the spatial distribution of observed DOD from the
Aqua MODIS product during the dust event, with a modest regional
averaged low bias of 13% (0.87 in observation vs 0.76 in GEOS-Chem)
(Fig. 2a, b), as compared with the high bias of 85% before optimization
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Fig. 1 | Observed extreme dust event on March

2021-03-15

2021 in comparison with the climatology of 2011-
2020. a shows the true-color image of the dust
plumes captured by the MODIS Aqua on 15 March
2021. The orange dashed lines outline the area
covered by the dust plume. b-d show the spatial
distributions of DOD from MODIS Aqua
(MYDO08_D3) product for March 2021, March cli-
matology (2011-2021), and their anomalies,
respectively. The black boxes outline the three
regions of interest, including the Northwest China
(NWGC, 36-47°N, 75-96°E), Gobi Desert (GD, 36-
47°N, 96-112°E), and North China Plain (NCP, 34-
42°N, 112-122°E). e-g show the time series of DOD
averaged over the three regions. Daily regional mean
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(Supplementary Fig. 2). The model also accurately reproduces the high
DOD values (~3.0) observed in the NWC and GD regions, where dust
particles accumulate due to air convergence induced by Mongolian
cyclone”. Figure 2c—f further illustrate the daily variations in observed and
simulated DOD during the dust event for the three individual regions and all
regions. In addition to the Aqua MODIS data used for model optimization,
we independently validate our results using Terra MODIS and VIIRS data
obtained from the Suomi National Polar-orbiting Partnership (Suomi-
NPP) satellite to address the potential limitations in temporal or spatial
coverage from a single satellite product. The optimized GEOS-Chem model
exhibited regional NWC, GD, and NCP) averaged DOD biases of less than
16% (Fig. 2a and Supplementary Fig. 6) as compared with the satellite
retrievals, with the temporal correlation coefficients (r) being 0.96, 0.84, and
0.86 for Aqua MODIS, Terra MODIS, and Suomi-NPP VIIRS, respectively
(Fig. 2f). The model performs well in the NWC region, with the daily biases
relative to Aqua MODIS being within +20%. The simulated and observed
DOD are 0.75 and 0.67, respectively, and are highly correlated with an r of
0.9 (Fig. 2¢). In the GD region, GEOS-Chem also well captures the observed
DOD daily variations with r ranging from 0.75 to 0.81, although the opti-
mized simulation still shows a slight underestimation of approximately 10%
as compared with that from Aqua MODIS (Fig. 2d). In contrast, the model
exhibits a negative bias of 29% over the NCP, although it still captures the
observed spatial distribution (Fig. 2e). The results suggest that the dust

source function is not the sole factor influencing the simulated dust con-
centration in the model. Overall, the optimized GEOS-Chem model effec-
tively reproduces the intensity and spatiotemporal evolution of this dust
event, providing solid foundation for evaluating the dust influence on the
solar PV potential.

Impacts of the extreme dust event on the solar PV potential and
the associated economic loss in China

The GEOS-Chem coupled with RRTMG and the PVLIB-Python module is
employed to calculate the solar PV potential over China and to quantify the
impact of the March 2021 dust event (Supplementary Fig. 1). The PVLIB-
Python with the Erbs module™ (Methods) estimates the diffuse horizontal
irradiance (DHI) and direct normal irradiance (DNI) from the global
horizontal irradiance (GHI) simulated by GEOS-Chem-RRTMG, and cal-
culates the irradiance components reaching the solar panels. The model also
calculates the dust mass deposited on the surface of the solar panels and
further estimated the irradiance reaching the cell module after being atte-
nuated by deposited dust (Egs. 5-8 in Methods), to derive the PV potential
considering the environmental temperature and wind speed data. The
simulated average surface downward direct shortwave irradiance under
clear-sky conditions during the dust event are evaluated against the Clouds
and the Earth’s Radiant Energy System (CERES) Edition 4 A integrated
irradiance (Methods). Results show that the model accurately reproduces
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Fig. 2 | Evaluation of the spatiotemporal distributions of DOD simulated by
GEOS-Chem model. Panels (a) and (b) show the spatial distribution averaged for
15-20 March, 2021 from the MODIS Aqua (MYD08_D3) product and GEOS-Chem
simulation, respectively, overlaid with wind fields at 10 m (vectors; unit: m s ')
obtained from fifth generation ECMWF reanalysis (ERA5) and the Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) rea-
nalysis dataset, respectively. c—f compare the daily variation of DOD from different
satellite products (MODIS Aqua, MODIS Terra, and VIIRS) and GEOS-Chem
simulations over three individual regions (NWC, GD, NCP) and the mean of the
three regions.

the spatial distribution of surface downward direct shortwave irradiance
during the dust event, where a high spatial correlation coefficient of 0.95 and
a small normalized root mean squared error of 0.29 are found between the
simulation and observation (Supplementary Notes 2 and Supplemen-
tary Fig. 7).

In this study, the capacity factor (CF) is calculated as the ratio of the
actual PV electricity production during the dust event to the counterpart
that could have been produced if the panels were not affected by the dust
event and operated continuously at the design capacity (Methods). We
consider three configurations of the PV panels, i.e., horizontal fixed (Flat),
fixed with optimal tilt (Tilt), and one-axis tracking (OAT). The Flat panels
are installed parallel to the ground, while the Tilt panels are installed at a fix
angle, which depends on the latitude, to maximize the annual irradiance,
and the OAT panels rotate around a single axis from east to west to track the
sun, which results in the highest energy yield but comes with increased
manufacture and maintenance costs. Figure 3a, ¢, and e show the spatial
distributions of PV potential during the dust event which are derived from
the GEOS-Chem-RRTMG-PVLIB modeling system under three config-
urations of PV panels, using the CF as a standard metric. In all configura-
tions, the highest PV potential is found in the Tibetan Plateau, reflecting the
impacts of the strong solar radiation (Supplementary Fig. 7), moderate
cloud cover and low water vapor content, etc. Regions with relatively low PV
potential include the Taklamakan Desert, Inner Mongolia, and the North
China Plain, where dust emissions substantially reduce solar irradiance.
Central China also exhibits low PV potential, primarily due to persistent
cloud cover and high atmospheric water vapor content (Supplementary
Fig. 8). Similar as previous studies™*, the spatial distribution of PV potential
has been found to be primarily influenced by the incoming solar radiation at
the top of the atmosphere, cloud cover, water vapor, and aerosols of natural
and anthropogenic origins.

The CFs from the three configurations of PV panel show a similar
spatial distribution, but their magnitudes differ considerably, due to the
differences in the received GHI and the removal speed of the deposited dust
from the surface of PV panels (Fig. 3a, ¢, e). We find that in low-latitude
regions with high solar elevation angle, Flat and Tilt panels exhibit com-
parable CF values, peaking at 0.23 (Fig. 3a, ). In comparison, the OAT panel
which dynamically aligns with the solar position could maximize the solar
irradiance reception and elevate the maximal CF by 30% to 0.3 (Fig. 3¢). By
continuously adjusting the solar panel to face the sun, OAT configuration
effectively reduces the solar radiation losses at low solar elevation angles, and
shows greater advantages in mid- to high-latitude regions (e.g., the Tibetan
Plateau and the GD and NCP areas), where the CF values range from 0.25 to
0.4 (Fig. 3e), exceeding those of Tilt (0.23-0.3) and Flat (0.18-0.23) con-
figurations by up to 74%. These findings underscore the critical role of panel
configuration in optimizing energy yield, particularly in regions with pro-
nounced seasonal solar angle variations, which agree with the results from Li
etal.” and Yao etal."”.

Figure 3b, d, and f illustrate the quantified reduction in solar PV
potential across China during the dust event, which is calculated as the
difference in CFs between the model simulations with and without dust
emissions. The mean CF reduction due to dust emissions (ACF,,,) and the
attenuation ratio (ACF, divided by the regional averaged CF from the
simulation without dust emissions) across the three sub-regions are pre-
sented in Supplementary Table 2. Under the three PV panel configurations,
the spatial distributions of ACF,, are similar but their magnitudes are
different (Fig. 3b, d, f), with the OAT being the most affected one, followed
by the Tilt and Flat cases. Notably, the Tilt panels show the greatest relative
decrease (in percentage), whereas the OAT and Flat configurations exhibit
nearly identical reductions. Although the magnitude of the ACF,,,,; differs
among the three configurations of solar panels, the attenuation ratio
remains similar, reaching up to 70% in the most affected regions in the
NWC and the GD (Supplementary Fig. 9). We find that the magnitude of
ACF,,5 for different regions is generally proportional to the DOD levels,
with the correlation coefficients between the two being 0.67-0.78 for dif-
ferent configurations of PV panels (Supplementary Fig. 10). Note March 15
and 16 exhibit the highest ACF,,y,, which correspond to the days with the
most intense dust storm influences (Fig. 2f and Supplementary Fig. 11).

Figure 4 further separates the total impact of the dust event on PV
potential (Fig. 3b, d, and {) into the dimming and soiling effects. During the
study period, the magnitude and spatial distributions of ACF,, are pre-
dominantly determined by the dimming effect. The region-averaged dim-
ming effects of the Flat, Tilt,and OAT cases account for 84%, 89%, and 88%
of the ACF,y,,, respectively, with the most affected regions being the NWC
and GD regions, which is highly consistent with the spatial pattern of
ACEF 4, In comparison, the region-averaged soiling effects account for 12-
16% of the total ACF,,. Dimming dominates along the dust plume path-
way with substantial PV reductions, whereas soiling is weaker but more
localized in downwind regions, highlighting the strong spatial variability in
the relative contributions of the two processes. The strong dimming effects
in the NWC and GD regions are primarily due to the high concentration of
dust aerosols within the atmosphere. The pronounced soiling effect in the
NWC region is primarily attributed to the absence of precipitation and
elevated dust concentrations during this period (Supplementary Fig. 12),
which facilitates the accumulation of deposited dust aerosols on PV panel
surfaces, while the GD region records some precipitation that may mitigate
the soiling effect when precipitation occurs'®.

Compared with the previous results, which suggest much larger soiling
than dimming effects from the long-term perspective, our study reveals a
contradictory result on the short-term scale. The discrepancy could be
largely due to the different time frames of interest (i.e., days vs. years). Over
the long timescales, aerosols in the atmosphere continuously deposit on PV
panels and enlarge the soiling effect, especially in the absence of precipita-
tion. Here, we analyze the relative importance of dimming and soiling effects
during the dust event. The evolution of soiling effect indicates that its impact
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RRTMG-PVLIB model for the Flat panels. b shows the mean CF reduction due to

80°E 90°E 100°E 110°E 120°E 130°E

0.05 0.10 0.15
A CF due to dust impact

0.00 0.20

dust emissions (ACF,,;). cand d, and e and f, are the same as a and b, but for the Tilt
panel and OAT panel, respectively. Dots in d represent large PV plants (installed
capacity over 1 GW) that are used to calculate the economic loss due the dust event.

could eventually surpass that of dimming (Supplementary Fig. 13). Our
extended simulations, in which dust emissions were turned off after March
21, indicate that under the prevailing meteorological conditions, the effect of
soiling becomes comparable to that of dimming around April 17 (about one
month after the dust event) and surpass it onward (Supplementary Fig. 14).
While the soiling effect tends to increase and become dominant in the long
run, the dust event investigated here is both short in duration (~6 days) and
unusually intense, with exceptionally high aerosol loading. Within such a
short timescale, the total dust deposition remains limited*. Additionally, as
PV technology continues to advance, various soiling mitigation approaches
for solar PV power generation have been developed*' ™, making soiling a
less prominent concern.

We now estimate the economic loss of this dust event due to its
influence on the PV potential. The economic loss is defined as the financial
loss caused by the reduction in power generation at the PV power plants due
to the dust event. The dust event primarily affects the NWC, GD, and NCP
regions, which collectively account for over 50% of the national PV
capacity’. We analyzed 34 major centralized PV power plants in these
regions (Supplementary Table 3) with an installed capacity exceeding 1 GW
by the end of 2020* (Fig. 3d), which together account for 47% of the total PV
installation in the three sub-regions. We first extract ACF,, for each PV
power plant, then calculate the lost energy by multiplying it by the duration
of the dust event and the installed capacities, and finally determine the
financial loss using the average electricity price for households in China in
2021*. We estimate that the dust event has caused a 21% reduction in CF
averaged over the 34 major centralized PV power plants in these regions.

This is equivalent to an economic loss of 1.36 million American dollars
(=16.5 GWh at electricity price of ~0.085 American dollar kWh™') during
this event (Supplementary Notes 3). As the dimming effect dominates the
overall ACF,,, this loss is difficult to be prevented by cleaning the PV
panels.

The nonlinear relationship between dust emission and photo-
voltaic potential attenuation

The above analyses demonstrate the large impacts of the extreme dust events
on PV potential in China. Recent studies have shown that global warming
hasled to an increase in surface temperatures and a decrease in soil moisture,
with drier soil contributing to an increasing trend in dust emissions™*"*.
Therefore, exploring the impact of stronger dust events on the PV potential
becomes increasingly important for improving the power generation
capacity of PV systems and mitigating potential economic losses caused by
extreme weather events. In particular, the quantitative response of CF to
dust concentrations has to be quantified for effectively projecting the dust
impacts on the PV system.

Here we use the March 2021 event as the base scenario and assess the
impacts of varying dust emissions on radiation and ACF,,, by scaling the
dust emissions across all regions to 0%, 50%, 150%, and 200% of the original
levels in each model grid. Although our simulations ignore the changes in
dust distribution under various scenarios, quantified responses of the PV
potential to the intensity of dust events could be derived. Only the results
based on the OAT panel setting are presented since the responses of three
configurations of PV panels are largely similar.
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Fig. 4 | Contributions of dimming and soiling

Dimming effect on CF reduction

Soiling effect on CF reduction

effect to the reduction of CF. a-c show the dim-
ming effect and d-f show the soiling effect for the
Flat, Tilt, and OAT panels, respectively.
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Our results show that the simulated dust concentration first increases
linearly as the dust emission increases, but is trending flat as the dust
emission further grows (Fig. 5a). For example, when the dust emission rate
increases to twice the level in the base scenario, the arithmetic mean dust
concentrations averaged over the three regions rise by 89% from 1289 to
2446 pgm ™ with the combined influences of transport, chemistry, and
deposition. Here, we additionally report the corresponding geometric mean
and asymmetric confidence intervals as a robust measure for the data with a
positive skew log-normal distribution containing heavy-tailed features and
substantial spatial variability among the model grids. The geometric mean
increases from 554 (95% confidence interval: 113 to 2705) pg m " in the base
case to 972 (95% confidence interval: 177 to 5323) ug m™ in the double
emission case. In contrast, the radiation reduction caused by dust aerosols
increases by only 35% from 38.8 to 52.5 W m > when the dust emissions
double. It is found that although the dust concentration almost doubles in
response to the double dust emission, the dust-induced radiation reduction
first increases and then quickly converges and creases to further increase as
the dust concentration increases, which is consistent with the Beer-
Lambert law.

Figure 5b further illustrates the non-linear response of ACF,,,; to dust
emissions. It is observed that as dust emissions increase, the ACF,,s; gra-
dually increases as expected. However, the magnitude of the increase in
ACF,,s gradually diminishes. When the dust emissions double the March
2021 level, the mean CF averaged over the NWC, GD, and NCP regions
decreases by about 10% from 0.42 to 0.38 (an additional increase in ACF ,,5;
by 0.04). The dimming and soiling effects have been found to account for
79% and 21% of the increase of 0.04 in ACF,,s, respectively. This indicates
that the reduction in CF with increasing dust emissions is mainly driven by
the dimming effect. As the dust emissions intensify, the dimming effect
grows nearly linearly while the soiling effect experiences a slower but non-
linear increase. The relative contribution of the dimming effect to the total
CF reduction, however, slightly decreases at higher dust emission levels
(Supplementary Fig. 15). In summary, the enhanced dust emission likely

further reduces the PV potential in China, but the solar PV reduction does
not monochromatically increase with the increase of dust concentration.

Enhanced impact of dust event on PV potential with lower
anthropogenic emission

The aforementioned analyses have revealed the enhanced impact on PV
potential with increasing intensity of dust event. However, even for the dust
events of the same intensity, the concentrations and radiative effects of dust
aerosol could be modulated through the heterogeneous chemical interac-
tions between dust particles and ambient trace gases, such as NO, and SO..
The ambient concentrations of NO,, SO,, and fine particulate matter
(PM,5) have been substantially reduced with the implementation of air
pollution control actions since 2013*. In this context, how the changes in
anthropogenic air pollution level may influence the impact of dust event on
PV potential remain unexplored. To address this question, we conduct four
sensitivity simulations with the same dust emission of the March 2021 event,
but under different scenarios of anthropogenic emission reductions over
China (25%, 50%, 75% and 100% reduction).

Figure 6a displays the change in dust concentration when anthro-
pogenic emissions of primary air pollutants (NOy, SO,, CO, VOCs, and
primary particulate matters, etc.) are all removed under the same dust
emission of the March 2021 dust event. Interestingly, higher dust con-
centrations are found in the absence of anthropogenic aerosols, with the
national and regional (NWC, GD, and NCP) mean dust concentrations
increasing by 3% and 13%, from 553 to 568 ygm™ and from 1289 to
1452 pg m, respectively. The corresponding geometric means increase
from 72 (95% confidence interval: 7.5 to 705) to 74 (95% confidence interval:
7.47 to 730) and 554 (95% confidence interval: 113 to 2705) to 575 (95%
confidence interval: 117 to 2808) pg m >, respectively. The regions with the
largest increases in dust concentrations exist in the GD and NCP regions,
and a few grids in the NWC region (Fig. 6a).

This can be explained by the fact that pollutants from various
anthropogenic sources could increase the chemical removal of dust,
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Fig. 5 | Response of dust concentrations and its impact on capacity factor to
different intensity of dust emissions. a shows the response of the mean dust
concentrations averaged over the three regions (grey solid lines) and surface
shortwave radiation (red solid lines) to different dust emissions. b shows the
response of total CF reduction due to dust emissions (ACF,,;) and the contribution
from diming and soiling effect, respectively.

generating high-level soluble substances on the dust surface, which further
lead to increased wet deposition of dust from the atmosphere™. In theory,
dust particles absorb acidic gases such as HNOs, SO,, and H,SO, through
heterogeneous chemical reactions on their alkaline mineral surfaces,
forming nitrate and sulfate coatings’*'~. The GEOS-Chem simulations
explicitly formula the formation of dust nitrate, dust sulfate, and dust
alkalinity (the sum of calcium and magnesium carbonates) as separate size-
segregated constituents in the model’*** (see Supplementary Notes 4 for
key chemical reactions). Supplementary Fig. 16 clearly shows that dust
sulfate and dust nitrate concentrations decrease by up to about 200 ppb and
6 ppb, respectively, when anthropogenic emissions of primary air pollutants
are removed, compared to the base scenario. Our GEOS-Chem sensitivity
simulation with doubled dust emissions also shows substantial decrease in
NO, and SO, concentrations compared to the base scenario (Supplemen-
tary Fig. 17). These modeling results support that chemical interactions with
dust and anthropogenic sources reduce the concentrations of both acidic
gases and dust in the atmosphere. Previous study reported that the coatings
not only consumed dust mass but also drove the dust aerosols more
hydrophilic and effective cloud condensation nuclei (CCN), thereby
enhancing wet deposition and reducing the amount of dust remaining
suspended in the atmosphere™”~*". As such, when anthropogenic emissions
decline, this coating effect reduces, resulting in less dust being consumed
through such chemical reactions and removal process. The GEOS-Chem
model cannot account for these effects because it neither describes changes
in hydrophilicity nor captures the role of dust as CCN. However, the model
does simulate a decrease in total wet deposition of dust, dust sulfate, and dust
nitrate by 5% and a dry deposition decrease of 12% when anthropogenic
emissions are removed. This mainly reflects the changes in concentrations
of dust sulfate and dust nitrate. Regionally, the larger increase in dust
concentration with reduced anthropogenic emissions in the GD and the
NCP than other regions reflect their higher emissions of acidic gases such as

SO, and NO, (Supplementary Fig. 18), further supports the above
mechanisms.

The increased dust concentrations with reduced anthropogenic
emissions indicate that their impacts on the PV potential could enhance
even at the same dust emission level. Figures 6b and 6¢ show the actual and
relative changes of ACF,, in response to the removal of all anthropogenic
emissions in China. Regions with the largest change in the ACF,,,; are in the
GD and the NCP region, which is consistent with the changes in dust
concentrations. In comparison, regions with the largest relative changes in
CF ratio are not only in the GD region (up to 8%), but also in the north-
eastern China (up to 9%) and in the central China (up to 14%). The ACF 5
Fig. 6d further summarizes the changes in dust concentrations and ACF 4,
with reduction of anthropogenic emissions. With the reduction of
anthropogenic emissions by 25%, 50%, 75%, and 100%, the ACF,,,; over the
GD and NCP regions increase by a maximum of 3%, 5%, 7%, and 8%, again
reflecting the interactions between dust particulates and anthropogenic
trace gases and aerosols. We note that the reduction of anthropogenic
emission itself brings benefit for PV potential because the notable decrease
in other aerosols leads to a much larger magnitude of CF increase than the
ACF,, (about five times larger than ACF,,, for the regional mean).
Nevertheless, our results reveal that the impact of dust emissions on PV
capacity could be amplified with the control of anthropogenic air pollutants,
even if the intensity of dust emission remains the same, highlighting the
need to consider the dust impact on the design and mitigation of PV power
generation system in the future.

Discussion

By using the GEOS-Chem-RRTMG-PVLIB modeling framework con-
strained by DOD retrieved from MODIS satellite data, our analysis shows
that the extreme dust event in March 2021—the most intense in China from
2011 to 2021—substantially reduces the PV potential by up to 70% across
the NWC, GD, and NCP regions, which collectively account for over 50% of
the national PV capacities. It results in an economic loss of approximately
1.36 million American dollars, highlighting the necessity to consider the
impact of short-term extreme pollution events on the stability of solar
photovoltaic energy generation. The reduction in dust-induced CF in this
short-term event is dominated by the dimming effect (over 80%) rather than
the soiling effect, which is apparently different from previous results that
empbhasized the soiling effect in long-term aerosol-induced PV potential
degradation. We find that the impact of dust emission on PV potential could
be enhanced with increasing dust emissions, but the curve flattens out at a
certain dust emission. Furthermore, our findings demonstrate that the
influence of dust on PV capacity intensifies alongside the reduction of
anthropogenic air pollutants, even when dust emission levels remain con-
stant. This amplification occurs because the reduction in anthropogenic
emissions weakens the heterogeneous reactions between dust particles and
anthropogenic acidic gases, thereby increasing dust concentrations and
altering the dust radiative impacts.

Our results reveal the remarkable impacts of short-term extreme dust
events on solar PV performance, which pose an immediate threat to the
stable operation of existing solar PV power plants. Note the extreme dust
events are defined as the dust events on the condition that (1) the regionally
averaged DOD during the event exceeds the 90th percentile of daily DOD in
the spring (March-May) season from 2000 to 2023; (2) the DOD in the
duration of the dust event remains higher than the climatological mean
DOD™. Such extreme dust events typically occur every few years although
our results indicate that they can occur annually or at multi-year intervals.
Between 2011 and 2021, extreme dust events in NWC occurred almost
every 1-2 years with DOD values typically ranging from 1.0 to 1.7. In the
GD, such events occurred about once every two years, with DOD mostly
ranging between 0.5 and 1.0 and peaking at 1.37 in 2021. The NCP
experienced the fewest events (only 4-5), but the 2021 event reached a peak
DOD of 1.38, which is comparable to that in the GD (Supplementary
Fig. 19). Our results also highlight the critical importance of incorporating
dust-related considerations into the design and optimization of future PV
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power systems, particularly in the context of continued control of anthro-
pogenic emissions. Given that the impact of atmospheric dimming sub-
stantially exceeds that of soiling during the dust event, timely adjustments in
power dispatch are recommended in response to dust storm forecasts. After
the dust event ends, the gradual accumulation of soiling further underscores
the need for prompt cleaning to restore PV performance to its rated
capacity.

There are also some limitations in this study. For example, the changes
in the environmental temperature with dust radiative forcing could further
affect the power generation efficiency of PV panels, but such an effect is not
considered in our calculation. Additionally, the offline GEOS-Chem-
RRTMG simulation employed in this study could not account for the
indirect radiative effect of dust on cloud formation®. The lack of real PV
power plant data causes difficulties in the direct validation of the modeled
energy losses. Inherently, our estimates are made based on radiative transfer
calculations constrained by satellite retrievals, which inevitably induces
uncertainties. Future work should integrate model simulations with on-site
PV measurements to provide more robust assessments. More advanced
weather—chemistry—energy coupled modeling systems could be used to
improve the modeling performance. Moreover, it is worthwhile to investigate
how the impacts of dust events could evolve in the context of global warming
in the future world™.

Methods

Satellite observations

We applied the dust aerosol optical depth (DOD) product, calculated from
MODIS satellite data, to constrain and evaluate the GEOS-Chem

simulation. The DOD data are obtained using the Deep Blue (DB)
algorithm®* from MODIS Level 2 aerosol data, which utilizes the radiance
received by the blue channels to detect aerosol loadings over bright land
surfaces (e.g., deserts). We use MODIS DB Collection 6.1 aerosol products
from both the Terra (MOD04_L2) and Aqua (MYD04_L2) platforms and
from Visible Infrared Imaging Radiometer Suite (VIIRS) on board the
Suomi National Polar-Orbiting Partnership (SNPP) satellite. Before calcu-
lating DOD values, aerosol products including AOD at 550 nm (retrieved
using the Deep Blue algorithm), single-scattering albedo (SSA), and the
Angstrom exponent were first interpolated onto a regular 0.5°x0.625° grid
using the nearest-neighbor algorithm. Only AOD data flagged as good
quality (quality flags: 2 and 3) were used. Following Pu and Ginoux®, we
separate the coarse-mode dust from the AOD:

DOD = AOD x (0.98 — 0.5089« + 0.0512a”) (w<1,a<0.3) (1)
where « is the Angstrém exponent and w is the SSA. The DOD is derived
only when the w is less than 1.0 and the « is below 0.3”. The setting of w<1
mainly reflects the dust absorption of solar radiation, and effectively sepa-
rates dust from other scattering aerosols such as sea salt aerosols™. The
missing submicron dust aerosols have little impacts on the derived DOD as
their fractions to total DOD are estimated to be small, typically on the order
of ~1-5%".

We also applied the Clouds and the Earth’s Radiant Energy System
(CERES) (https://ceres.]Jarc.nasa.gov/data/) integrated data product to
evaluate the radiation output from GEOS-Chem-RRTMG. In this study, the
CERES SYN1deg (Synoptic) Edition 4 A data provides all-sky and clear-sky
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downward shortwave direct radiation data with a spatial resolution of 1°x 1°
and a temporal resolution of 1 hour are used”.

GEOS-Chem model coupled with the rapid radiative

transfer model

We conducted a nested grid simulation using the GEOS-Chem v12.9.3
model coupled with the rapid radiative transfer model for general circula-
tion models (GEOS-Chem-RRTMG), driven by Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2) meteor-
ological analysis. The model domain covers most regions of China (70°-
140°E, 20°-55°N) at the resolution of 0.5° (latitude) x 0.625° (longitude).
Boundary conditions are derived from global simulations at a resolution of
2° (latitude) x 2.5° (longitude) using the same setup of chemical and physical
schemes. GEOS-Chem-RRTMG includes an advanced NOx-Ox-hydro-
carbon-aerosol-bromine-chlorine-iodine mechanism for tropospheric
chemistry, as well as dry and wet deposition mechanisms for aerosols and
gases. The wet deposition mechanism includes convective updrafts, rain-
water, and scavenging removal®. Dry deposition follows the on resistance
scheme® and also considers the gravitational settling of aerosol particles™.
The Community Emissions Data System inventory (CEDS v-2021-04-21)
for the global anthropogenic emissions”" and the Multi-resolution Emission
Inventory for China (MEIC) for 2019 for China are used. The global domain
simulations were conducted at 2° x 2.5° resolution from January 1 to March
21, 2021, with January and February serving as the spin-up period for the
boundary conditions used to drive the nested model simulation. An addi-
tional 14-day spin-up (March 1-14) was applied for the nested domain
simulations at the resolution of 0.5° x 0.625°. Such long spin-up time is
sufficient given that the lifetime (relative to its transport and deposition) of
dust in the nested model domain should be within 3-5 days. In addition, the
use of assimilated MERRA-2 reanalysis meteorological fields as model input
requires no spin-up time for climate conditions.

The model used the dust detrainment and deposition (DEAD)
scheme™ to simulate the dust event. The DEAD module in the GEOS-Chem
uses the climatological land cover data from Advanced Very High Reso-
lution Radiometer (AVHRR) to define the fraction of bare surface for the
dust source function, which cannot reflect the dynamic changes in the dust
source function caused by underlying surface variations™ (e.g., bare or
exposed soil can act as a source of dust, but not once it is covered by
vegetation). The DEAD scheme™* is based on the theory of wind-driven
dust transport by White” to calculate horizontal dust saltation flux Qg:

U U\’
Qs = CS Ui(l —f) (1+ U*f) ifU,>U, ®)

where Cis a global tuning factor determining the total dust strength, p is the
air density, g is the acceleration of gravity, U« is the friction velocity,and U ,,
is the threshold friction velocity. The scheme calculates the vertical diffusion
flux F as follows:

F=A,,SaQ (3)

where « is the sandblasting mass efficiency, which is a function of the clay
fraction in the soil. Following Zender et al.”, a fixed soil clay fraction of 0.2 is
used in this study. S is the dust source function, which is the sand initiation
probability function (also known as the wind erosion index) provided by the
Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and
Transport (GOCART) model which represents the distribution of potential
dust source areas”. It is a quantitative factor derived by considering topo-
graphic variations, representing the distribution of potential dust source
areas. A,, is a factor that suppresses dust emissions from snow covered land,
wetlands and water bodies, and vegetated areas.

Based on the model-simulated atmospheric distributions and com-
positions of aerosols, the aerosol optical depth (7) is calculated using their
refractive indices, size distributions, and hygroscopic growth properties. The

dust optical depth (DOD) is calculated using the following formula:

_3QM

= 4pr, @)

where p denotes the particle mass density, . is the effective radius and, Qis the
extinction coefficient, derived from the single-scattering properties calculated
using the refractive index and Lorenz-Mie code as well as the aerosol size
distribution. Note both 7 and Q are wavelength-dependent’. In this study,
total AOD is calculated as the sum of the optical depths of sulfate, nitrate,
ammonijum, organic carbon, black carbon, dust, and sea salt, with the dust
optical depth recorded separately to isolate the contribution of mineral dust.

To mitigate the underestimation of dust within the model simulation
(Fig. S2), we utilized the calculated DOD from MODIS DB Collection 6.1
aerosol products to impose a top-down constraint on the dust concentra-
tions simulated by the GEOS-Chem model. A dynamical adjustment to the
dust source function was implemented to improve the model performance
in this study, ensuring more reliable quantification of dust impacts. Our
overall strategy is to calculate the ratio of DOD between satellite observa-
tions and model simulation for each model grid at the resolution of 0.5° x
0.625° and then multiply this ratio to scale the dust source function (S) at the
corresponding grid in GEOS-Chem simulation. The model is rerun itera-
tively until the simulated regional daily mean DOD falls within +30% of the
observed values, while ensuring accuracy and minimizing the number of
iterative computations. We applied this method sequentially from west to
east across the NWC, GD, and NCP regions, because this dust event ori-
ginated in the NWC and GD regions, and the dust was transported eastward
under the influence of a mid-latitude cyclone. As a result, modifications
made to the simulations in the upstream regions could propagate to the
downstream regions. We conducted the optimization for each day
sequentially from 15 to 20 March. For instance, the restart file archived from
the optimized simulation for 15 March is used to drive the simulation for 16
March, which was then further optimized based on observations on 16
March. More details are provided in the Supplementary Information.

The model uses the RRTMG scheme for radiation calculations.
RRTMG is a fast radiative transfer model that uses the Correlated-K
method”” to handle atmospheric gas absorption and calculate atmospheric
longwave and shortwave irradiances. The extinction sources considered in
RRTMG include H,0, O3, long-lived greenhouse gases, aerosols, and oth-
ers. For cloudy conditions, the Monte-Carlo Independent Column
Approximation (McICA)™® is used to handle the vertical overlap of cloud
layers. RRTMG has been proven to have high accuracy in radiation transfer
calculations, including extensive assessments of aerosol radiative effects”*’,

PVLIB-Python Model

PVLIB-Python is an open-source Python library designed for PV system
modeling and performance prediction. It offers a range of functions to
analyze the performance of solar power generation systems, calculate irra-
diance, module temperature, power output, and more (https:/pvlib-
python.readthedocs.io/en/v0.10.3/index.html). The PVLIB-Python model
applies different panel configurations to convert the solar radiation flux into
the irradiance received by the solar panels, referred to as POAIL,,. It then uses
POAL,, derived from POAI,,, along with the environmental temperature
and wind speed from MERRA -2 meteorological analysis, to calculate the PV
module temperature and effective irradiance. In this process, both the PV
module efficiency (the efficiency of converting solar energy into direct
current (DC)) and the inverter efficiency (the efficiency of converting DC
into alternating current (AC)) are considered. We neglect the potential
losses caused by factors such as module and inverter degradation. We use
the capacity factor (CF) to describe the potential of photovoltaic power,
defined as the ratio of the model simulated AC power to the AC power rating
of the inverter (250 W) under standard conditions, following Yao et al."’:

CF= ACsimulated/ ACdesigned (5)
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where ACgmulated Tepresents the simulated total power generation during
the dust event and ACgegigneq refers to the power generation under rating
capacity.

We report results for three configurations of solar photovoltaic panels,
i.e, horizontal fixed (Flat), fixed with optimal tilt (Tilt), and one-axis
tracking (OAT).

Linking GEOS-Chem-RRTMG with the PVLIB-Python Model
The PVLIB-Python model is a community-supported tool that provides a
wide range of functions and classes for simulating the performance of
photovoltaic (PV) energy systems. Combined with the Erbs model™, it can
estimate Direct Normal Irradiance (DNI) and Diffuse Horizontal Irradiance
(DHI) from Global Horizontal Irradiance (GHI) (Fig. S1). Using the cal-
culated solar zenith and azimuthal angles, the model can further convert
GHI, DNI, and DHI into the radiation available to the solar panel, including
beam (E;,), ground-reflected (E,), and sky-diffuse (Eq) components. Finally,
the sum of these three types of radiation yields the irradiance received by the
solar panel, referred to as the incident plane-of-array irradiance POAI,..
Particulate matter (PM) deposited on solar panels further reduces
the solar irradiance reaching the solar cells (POAIL,) where electricity
conversion occurs. Following Bergin', we use broad-band-wise optical
depth (t) of deposited dust to calculate the solar irradiance used for PV
conversion (POAI,,) as follows:

POAI,,, = POAL_ xe™* 6)
where T is determined from the accumulated dry mass per unit area:

T= (Eabs,d + ﬁdEscat‘d) X PMd (7)

where the subscript d denotes deposited dust. E s g, Escara> and Bg, and PMy4
represent absorption and scattering mass extinction coefficients, the back-
scattering ratio, and the accumulated dry mass per unit area, respectively. The
values of E,ps g, Escara> and Pg in the International System of Units are sum-
marized in Table S4. We do not consider variations in extinction parameters
for different PM species in this study due to the difficulty in implementing
such a scheme to the model. PMy refers to the net combination of dust
accumulation and removal processes occurred on solar panels:

PMd — PMgccum _ PMgemoval (8)

PM;™ comes from dust dry deposition processes:
M — / (VE® cos By + VIT)Cydt ©)

where V§* and V1j* are gravitational and turbulent dry deposition velocities
for dust, respectively. Cy represents the surface dry mass concentration for
dust. The value of C4 on Tilt solar panels is adjusted by applying a multi-
plication factor that depends on the tilt angle 8y of the panels. Following Li'’,
PMBemoval shows a strong correlation with precipitation (p):

1) When p <1 mmh™', no aerosol removal.

2) When1<p<3mmh™, organic carbon is removed by half, and sulfate

is completely removed.
3) When3<p<5mm h7!, dust is removed by half.
4) When p > 5 mm h™", dust is totally removed.

Model sensitivity simulations

Our Base simulation applies the aforementioned settings, including dust
emissions and anthropogenic emissions, and with an optimized dust source
(see text for details). Eight sets of sensitivity experiments were also con-
ducted based on the Base simulation (Table S5). The Nodust simulation,
with dust emissions turned off, is conducted to quantify the radiative effects
of dust aerosols and explore their impact on PV potential by comparing the
results with the Base simulation. To explore how the impact of dust on PV

potential changes under different intensity of dust event scenarios in the
future, we modified the dust emissions to 0.5, 1.5, and 2 times of that of the
Base simulation, respectively. In addition, to investigate the impact of dust
on photovoltaic potential under the same dust intensity scenario but with
different anthropogenic emission levels, we reduce the anthropogenic
emissions in China by 25%, 50%, 75%, and 100%, respectively.

Data availability

Aerosol Optical Depth (AOD) retrieved using the Deep Blue algorithm was
obtained from the MODIS dataset and can be accessed at https://ladsweb.
modaps.eosdis.nasa.gov/. MODIS true-color image is provided in https:/
worldview.earthdata.nasa.gov/. CERES SYNldeg (Synoptic) Edition 4 A
datasets were obtained from https://ceres.larc.nasa.gov/data/. Our model
output can be obtained upon reasonable request to the corresponding
authors. The data results can be accessed from https://zenodo.org/records/
17733351.

Code availability

GEOS-Chem codes can be accessed at https://github.com/geoschem/geos-
chem. The PVLIB-Python codes can be accessed at https://pvlib-python.
readthedocs.io/en/stable/. The other code is available from the corre-
sponding author on reasonable request.
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