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Abstract

Dust emissions related to anthropogenic activities (i.e., anthropogenic dust (AD)) is not represented in most global climate

models and its radiative impact remains unassessed. In this study, we develop a new and physically based method to parameterize

AD emission based on the DOE’s Energy Exascale Earth System Model version 1 (E3SMv1). This method relates AD emission

to the crop land use fraction in the E3SMv1 land component. Major AD sources simulated by our parameterization include

those over Central America, the Sahel, North India, and North China. The annual averaged AD emission is 567 Tg yr-1 in

present-day (year 2000), which contributes to 13.3 % of total dust emission. Model evaluation against satellite and ground-based

observations shows that the new parameterization can represent AD emissions and global dust cycle reasonably well. We find

that the total dust emission increases by 13 % (495 Tg yr-1) from 1850 to 2000 mainly due to the cropland land use fraction

changes, which induces a net dust direct effective radiative forcing of -0.041 W m-2 at top of the atmosphere. This AD-induced

cooling exceeds 10% of the total anthropogenic aerosol direct effective radiative forcing from 1750 to 2014 estimated by the

Intergovernmental Panel on Climate Change Sixth Assessment Report. Our findings indicate an important role of AD in the

regional and global climate changes, which should be included in future climate change assessments.
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Key Points: 15 

• An anthropogenic dust emission parameterization is developed and implemented 16 
in a global climate model. 17 

• Our parameterization predicts that 13.3% of the total dust emission in present day 18 
is anthropogenic dust emission.  19 

• Total dust emission increases by 13% from pre-industrial to present day, which 20 
results in a dust direct radiative forcing of -0.041 W m-2. 21 

 22 
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Abstract  26 

Dust emissions related to anthropogenic activities (i.e., anthropogenic dust (AD)) is not 27 

represented in most global climate models and its radiative impact remains unassessed. 28 

In this study, we develop a new and physically based method to parameterize AD 29 

emission based on the DOE’s Energy Exascale Earth System Model version 1 (E3SMv1). 30 

This method relates AD emission to the crop land use fraction in the E3SMv1 land 31 

component. Major AD sources simulated by our parameterization include those over 32 

Central America, the Sahel, North India, and North China. The annual averaged AD 33 

emission is 567 Tg yr-1 in present-day (year 2000), which contributes to 13.3 % of total 34 

dust emission. Model evaluation against satellite and ground-based observations shows 35 

that the new parameterization can represent AD emissions and global dust cycle 36 

reasonably well. We find that the total dust emission increases by 13 % (495 Tg yr-1) 37 

from 1850 to 2000 mainly due to the cropland land use fraction changes, which induces 38 

a net dust direct effective radiative forcing of -0.041 W m-2 at top of the atmosphere. 39 

This AD-induced cooling exceeds 10% of the total anthropogenic aerosol direct effective 40 

radiative forcing from 1750 to 2014 estimated by the Intergovernmental Panel on 41 

Climate Change Sixth Assessment Report. Our findings indicate an important role of AD 42 

in the regional and global climate changes, which should be included in future climate 43 

change assessments.   44 



 

 

manuscript submitted to Journal of Advances in Modeling Earth Systems 

 

3 
 

Plain Language Summary 45 

Dust aerosols are generally recognized as natural aerosols whose atmospheric burden 46 

remains stable with time. However, studies have found that anthropogenic activities can 47 

also induce dust emissions. Anthropogenic dust (AD) emission is not represented in 48 

most global climate models, and its impact on climate is not well understood. In this 49 

study, we implement an AD emission parameterization in a global climate model that 50 

physically relates AD emission to cropland fraction. Our modelling results show that 51 

13.3% global dust emission in the present day is from AD sources, which includes those 52 

over Central America, the Sahel, North India, and North China. Due to agricultural 53 

expansion, total dust emission increases by 13% from pre-industrial to present day, 54 

which is dominated by the increase in AD emission. This historical increase results in 55 

cooling effect of dust on climate through scattering and absorbing radiation, which 56 

exceeds 10% of the estimate by the Intergovernmental Panel on Climate Change Sixth 57 

Assessment Report. Our findings indicate an important role of AD in the global climate 58 

changes, which should be included in future climate change assessments. 59 

 60 

  61 
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1 Introduction 62 

Dust aerosols are a key component of the Earth’s system, which contribute to 63 

more than half of the total aerosol mass in the atmosphere (Kinne et al., 2006; Textor et 64 

al., 2006).  They affect global climate directly by absorbing and scattering solar and 65 

terrestrial radiation and indirectly by serving as cloud condensation nuclei (CCN) and 66 

ice nucleating particles (INPs) to alter the cloud properties. They also have an impact on 67 

the surface concentration of particular matters, which consequently influences the air 68 

quality and human health (Chen et al., 2004). Additionally, dust aerosols play an 69 

important role in the biogeochemical cycle in that the contained metallic elements 70 

provide nutrients to ocean through deposition (Martin, 1990).  71 

Dust is generally recognized as natural aerosol that is induced by wind erosion 72 

from arid and semi-arid regions – the global dust burden in the atmosphere is presumed 73 

to be stable with time. As a result, the Intergovernmental Panel on Climate Change 74 

(IPCC) Sixth Assessment Report (AR6) (Forster et al., 2021) does not account for dust 75 

when quantifying anthropogenic aerosol effective radiative forcing from pre-industrial 76 

(PI) to present day (PD). However, a recent work by Kok et al. (2023) reported a 55% ± 77 

30% increase of atmospheric dust burden from PI to PD using a reconstruction dataset 78 

built upon dust historical deposition records, while the Coupled Model Intercomparison 79 

Project Phase 6 (CMIP6) models predict little historical trends for atmospheric dust 80 

loading. This suggests that current climate models have uncertainties in representing 81 

historical global dust emissions, and the climate assessment without considering dust 82 

historial changes is biased. 83 
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The substantial increase in the reconstructed dust loading can be at least partially 84 

attributed to the anthropogenic impacts on dust emissions (i.e., anthropogenic dust, AD). 85 

It has been noted for a long time that dust emissions are related to anthropogenic 86 

activities (Penner et al., 1994). However, there is no consensus on the definition of AD. 87 

Zender et al. (2004) classified the AD into two categories: (1) those related to 88 

anthropogenic land use change that changes soil surface conditions, and (2) those 89 

modified by anthropogenic climate changes, such as the changes in surface wind, soil 90 

moisture, and precipitation. The first kind of AD includes both direct mechanical 91 

injection of dust caused by anthropogenic activities (e.g., construction, transportation, 92 

and agricultural activities) (Chen et al., 2018) and AD due to wind erosion over the land 93 

surface disturbed by human activities (e.g., deforestation, overgrazing, overcultivation, 94 

inappropriate irrigation practices, and desiccation of rivers and lakes). Previous studies 95 

may only partially consider the above categories of AD. 96 

Quantifying the contribution of AD to global dust cycle is highly uncertain. 97 

Modeling and observational estimates of the AD contribution spread in a wide range that 98 

goes from less than 10% to up to 60% (Chen et al., 2018; Ginoux et al., 2012; Huang et 99 

al., 2015; Mahowald et al., 2004; Mahowald & Luo, 2003; Sokolik & Toon, 1996; 100 

Stanelle et al., 2014; Tegen et al., 2004; Tegen & Fung, 1995). One challenge for these 101 

studies lies in the separation of AD from natural dust (ND). Land use datasets are 102 

sometimes used in aid of the separation. Early studies, like Sokolik and Toon (1996), 103 

simply assumed that the AD loading is linearly proportional to the land area converted to 104 

deserts by human activities. More recently, Ginoux et al. (2012) identified dust sources 105 
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using the Moderate-Resolution Imaging Spectroradiameter (MODIS) frequency-of-106 

occurrence (FoO) distributions of dust optical depth (DOD) and then attributed AD and 107 

ND sources using the land use data from the History Database of the Global 108 

Environment (HYDE, Klein Goldewijk, 2001) – dust sources with land use exceeds 30% 109 

are AD sources; otherwise they are ND sources. The major AD sources identified in 110 

their study include the Sahel and the Mediterranean coast in North Africa, the north 111 

China plains and Saudi Arabia in Asia, as well as the high plains in North America. 112 

They further estimated the AD emission through applying the source function map 113 

derived from the MODIS FoO data to a global atmospheric model, which showed that 114 

the AD emissions account for 25% of global dust emissions. Moreover, Huang et al. 115 

(2015) combined the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation 116 

(CALIPSO) dust and planetary boundary layer (PBL) retrievals with the MODIS global 117 

land cover type product. By assuming that AD originates from different land cover from 118 

ND and is mostly trapped within PBL, they suggest that AD contributes to around 25% 119 

of global continental dust burden, which is in good agreement with the estimate by 120 

Ginoux et al. (2012). In addition, instead of using observational datasets, Stanelle et al. 121 

(2014) represented anthropogenic sources of dust through the simulated vegetation cover 122 

on each plant function type (PFT) in the land component of a global model. They found 123 

that 10% of dust particles in present day are emitted from anthropogenic (agricultural) 124 

sources. 125 

For modeling studies, another open question is how to parameterize AD emission 126 

fluxes. Currently, AD emissions are generally simulated by modifying the ND emission 127 
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parameterizations for identified AD sources. The threshold of wind friction velocity is a 128 

parameter commonly tuned for AD emissions. Both Stanelle et al. (2014) and Ginoux et 129 

al. (2012) increased the threshold velocity to account for the soil conservation practices 130 

which are employed to reduce the wind erosion. However, other studies decreased this 131 

threshold velocity by assuming that the soil disturbed by anthropogenic activities is more 132 

vulnerable to wind erosion (Chen et al., 2018; Tegen et al., 2004). The above 133 

inconsistency indicates that large uncertainty exsits in the understanding of AD 134 

emissions.  135 

 The Energy Exascale Earth System Model version 1 (E3SMv1) is a global Earth 136 

system model developed by the U.S. Department of Energy (Golaz et al., 2019). The 137 

baseline E3SMv1 does not account for AD emission and predicts a small decreasing 138 

trend in dust burden after 1950 (Zhang et al., 2022), which, like many other CMIP6 139 

models, is not consistent with the increasing trend of dust burden as shown in Kok et al. 140 

(2023). In this study, we develop a new method to parameterize the AD emission and 141 

implement it in E3SMv1. The parameterization uses the fraction of crop PFT from the 142 

land component of E3SMv1. The paper is organized as follows. Section 2 introduces the 143 

E3SMv1 model, our new AD parameterization, and the model experiment setup. Section 144 

3 provides a description of the observational data we use. Section 4 evaluates the new 145 

parameterization against observations, investigates the historical change of AD emission 146 

from PI to PD, and quantifies the direct effective radiative forcing of AD. Finally, we 147 

discuss the uncertainties of our study in Section 5 and summarize the results in Section 6.  148 
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2 Model 149 

2.1 E3SM model  150 

We use the atmosphere and land components of E3SMv1 (J. Golaz et al., 2019; 151 

Rasch et al., 2019) in this study. E3SM Atmosphere Model version 1 (EAMv1) includes 152 

parameterizations for deep convection (Zhang & McFarlane, 1995), cloud microphysics 153 

(Gettelman & Morrison, 2015), as well as a unified parameterization for cloud 154 

macrophysics, turbulence, and shallow convection following Cloud Layers Unified by 155 

Binormals (CLUBB; Bogenschutz et al., 2013; Golaz et al., 2002; Larson & Golaz, 156 

2005). Atmospheric aerosols are treated through a four-mode version of modal aerosol 157 

module (MAM4) (Liu et al., 2016; Wang et al., 2020), which predicts the number and 158 

mass mixing ratios of seven aerosol species (i.e., dust, black carbon, primary organic 159 

aerosol, secondary organic aerosol, sulfate, sea salt, and marine organic aerosol) in four 160 

lognormal size modes (Aitken, accumulation, primary carbon, and coarse modes). Dust 161 

aerosols are carried in the accumulation and coarse modes. The aerosol optical properties 162 

are parameterized following Ghan and Zaveri (2007), while the dust optical properties 163 

are updated according to Albani et al. (2014). We note that MAM4 neglects the 164 

longwave scattering of dust aerosols and only accounts for the longwave absorption as 165 

well as the shortwave absorption and scattering. Dust aerosols in the model also interact 166 

with cloud formation through acting as CCN in liquid clouds (Abdul-Razzak & Ghan, 167 

2000) and INPs in stratiform mixed-phase clouds (Wang et al., 2014) and cirrus clouds 168 

(Liu et al., 2007; Liu & Penner, 2005). The wet (in-cloud nucleation and below-cloud 169 
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scavenging) and dry deposition of dust are treated together with the other aerosol species 170 

in the same aerosol mode.  171 

The land component in E3SMv1 is the E3SM land model version 0 (ELMv0). It 172 

is modified from the Community Land Model version 4.5 (CLM4.5) (Oleson et al., 173 

2013). To represent the spatial land surface heterogeneity, each grid cell in ELMv0 is 174 

composed of multiple land units. Each land unit can be further divided into several 175 

columns, such as snow/soil columns. The soil column is composed of up to 15 PFTs 176 

(including 8 types of trees, 3 types of shrubs, 3 types of grass, and one type of crop) plus 177 

bare ground. The vegetation coverage over each PFT is defined by leaf and steam area 178 

indices. The seasonal vegetation changes are based on satellite phenology, which is a 179 

climatology of satellite remote sensing data (Lawrence & Chase, 2007). 180 

2.2 Dust emission parameterization in E3SMv1 181 

The dust emission flux is parameterized in ELMv0 following Zender et al. (2003; 182 

hereafter Z03). The total vertical dust emission flux, 𝐹ௗ, is given by 183 𝐹ௗ = 𝑇𝑆௚௘௢𝑓௠𝛼𝑄௦,  (1) 184 

where T is a global uniformed tuning factor; 𝑆௚௘௢ is the geomorphic soil erodibility; 𝑓௠ 185 

is the grid cell fraction of exposed bare soil; 𝛼 is the sandblasting mass efficiency; and 186 𝑄௦ is the total horizontally saltating mass flux. 𝑆௚௘௢ is a measure of the soil’s ability to 187 

produce dust emission for a given meteorological forcing, which is proportional to the 188 

upstream runoff collection area (Zender & Newman, 2003). The factor 𝑓௠ is given by 189 𝑓௠ = (1 − 𝑓௟௔௞௘ − 𝑓௪௘௧௟)(1 − 𝑓௦௡௢)(1 − 𝑓௩) ௪೗೔೜,೗௪೗೔೜,೗ା௪೔೎೐,೗, (2) 190 
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where 𝑓௟௔௞௘, 𝑓௪௘௧௟, and 𝑓௦௡௢௪ are the ELMv1’s grid cell fractions of lake, wetland, and 191 

snow cover, respectively; 𝑤௟௜௤,௟ and 𝑤௜௖௘,௟ are the topsoil layer liquid water and ice water 192 

contents, respectively. 𝑓௩ is the vegetation cover fraction that is assumed to increase 193 

linearly with the leaf and stem area index (LAI), 𝜆, and given by 194 

𝑓௩ = 𝜆/𝜆௧௛௥, (𝜆 ≤ 𝜆௧௛௥). (3) 195 

Here, 𝜆௧௛௥ = 0.3 m2 m-2 is the threshold of LAI above which no dust emission is 196 

allowed (Mahowald et al., 2006). The LAI is averaged over all the PFTs.  197 

The horizontally saltating flux, 𝑄௦, is given by 198 𝑄௦ = ௖ೞఘೌ೟೘௨∗ೞయ௚ (1 − ௨∗೟௨∗ೞ)(1 + ௨∗೟௨∗ೞ)ଶ, (𝑢∗௦ > 𝑢∗௧),  (4) 199 

where 𝑐௦ = 2.61; 𝜌௔௧௠ is the surface air density, g is the gravitational acceleration 200 

constant; 𝑢∗௦ is the wind friction speed; and 𝑢∗௧ is the threshold wind friction speed for 201 

saltation. 𝑢∗௧ is proportional to 𝑓௪, which is a factor depending on soil moisture and is 202 

given by 203 𝑓௪ = 1, (𝑤 ≤ 𝑤௧), (5) 204 𝑓௪ =  ඥ1 + 1.21ሾ100(𝑤 − 𝑤௧)ሿ଴.଺଼, (𝑤 > 𝑤௧). (6) 205 𝑤 and 𝑤௧ are gravimetric water content of the top soil layer and its threshold, 206 

respectively. According to Fecan et al. (1999), 𝑤௧ is a function of soil’s clay fraction 207 

(𝑀௖௟௔௬, ranging from 0 to 1): 208 𝑤௧ = 𝑎(0.17𝑀௖௟௔௬ + 0.14𝑀௖௟௔௬ଶ), (7) 209 

where 𝑎 is a tuning parameter and is set to 1/𝑀௖௟௔௬ by Z03. A smaller value of 𝑎 210 

indicates a larger effect of soil moisture on 𝑢∗௧. 211 
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 According to the dust emission size distribution in Z03, 3.2% and 96.8% of the 212 

total dust emission mass flux are distributed into the accumulation and the coarse aerosol 213 

modes, respectively, in EAMv1. This is the default setting of the model. We note this 214 

size distribution leads to an overestimation of dust emission in clay size (< 2 µm 215 

diameter) (Kok, 2011; Kok et al., 2017). 216 

2.3 Parameterization for AD emissions 217 

By default, Z03 parameterization only includes ND emissions. In this study, we 218 

apply a modified Z03 parameterization to the AD sources to represent AD emissions. 219 

The fraction of potential AD sources in each grid cell is defined as the exposed bare soil 220 

fraction of crop PFT (𝑓௠,௔௡௧) in an ELMv0 grid cell. 𝑓௠,௔௡௧ is determined following Eq. 221 

(2) but only the LAI for the crop PFT is used to calculate the vegetation cover fraction 222 

(𝑓௩, see Eq. (3)). This method is similar to Stanelle et al. (2014), where they identified 223 

the AD sources using LAI on each PFT in the land component of the ECHAM6 model. 224 

Two other major modifications are made to the Z03 parameterization when 225 

applied to the AD sources. First, to increase the impact of soil moisture, the tuning factor 226 𝑎 in Eq. (7) is reduced from 1/𝑀௖௟௔௬ to 1 when calculating the soil water content 227 

threshold (𝑤௧). This modification results in an increase of the threshold wind friction 228 

speed (𝑢∗௧) used in the calculation of the saltating flux for AD (𝑄௦,௔௡௧), which is 229 

consistent with Stanelle et al. (2014) and Ginoux et al. (2012). Second, the AD emission 230 

is set to zero when soil moisture content is larger than 25% to prevent unrealistic 231 

emissions from Europe (not shown). With the two modifications above, we allow for the 232 
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stronger suppression of soil moisture on dust emission than the default parameterization, 233 

which can better simulate dust emissions over cropland. 234 

With all these modifications, Eq. (1) is revised to  235 𝐹ௗ = 𝑇𝑆௚௘௢𝑓௠,ே஽𝛼𝑄௦+ 𝑇஺஽𝑆஺஽𝑓௠,஺஽𝛼𝑄௦,஺஽, (8) 236 

where the first and the second terms on the righthand side represent emission fluxes for 237 

ND and AD, respectively. The ND emission flux is slightly modified compared to Eq. 238 

(1), because the LAI over crop PFT is not included in the calculation of 𝑓௠,ே஽ to avoid 239 

double counting. 𝑇஺஽ is the tuning factor for AD. 𝑆஺஽ is the source function for AD, 240 

which is currently set to 1 globally. In summary, we define AD emissions as agricultural 241 

dust emissions from crop PFT, while dust emissions from the other PFTs are considered 242 

as ND emissions.  243 

Moreover, to explicitly track natural and anthropogenic dust emissions, we 244 

implement the dust source tagging technique (Shi et al., 2022) in EAMv1 by adding AD 245 

to a separate tracer from ND. With the tagging technique, anthropogenic and natural dust 246 

undergo the abovementioned processes independently from each other. 247 

 Similar to Stanelle et al. (2014), our modifications physically link the AD 248 

emission to the change of land type and vegetation coverage in the land component of 249 

E3SMv1. By avoiding using an empirical soil source function map that is based on 250 

present-day observations, our approach has the flexibility to simulate AD emissions in 251 

the past and future climate.  252 
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2.4 Experiment setup 253 

The experiments we conducted for this study are summerized in Table 1. To 254 

evaluate the performance of our new parameterization, a control experiment based on the 255 

standard E3SMv1 model (labeled as CTRL) and an experiment including our 256 

modifications regarding AD emission and dust tagging (labeled as NEW) were 257 

performed. For the two experiments, the E3SMv1 model was integrated from January 258 

2000 to December 2010 at 1° horizontal resolution with 72 vertical layers. The first-year 259 

results were treated as spin-up and the last ten years (from 2001 to 2010) were used in 260 

our analysis. The sea surface temperature (SST) is prescribed using the climatology from 261 

1870 to 2009. The horizontal wind components were nudged to the Modern-Era 262 

Retrospective Analysis for Research and Applications version 2 (MERRA-2) reanalysis 263 

data (Gelaro et al., 2017) with a relaxation time scale of 6 h using the linear function 264 

nudging strategy as described in Sun et al. (2019). The land surface data (including land 265 

fraction for crop PFT) follows the year 2000 to represent the AD emission in PD 266 

conditions. The emission for anthropogenic and biomass burning aerosols as well as the 267 

concentrations of tracer gases (e.g., the greenhouse gases) are prescribed using the data 268 

of 2000. We note that the MERRA-2, SST, emission, and land use data used for the 269 

simulations are from different years due to the availiability of the datasets, which may 270 

results in inconsistency. It is also noted that the global dust emission in CTRL and NEW 271 

were tuned so that the global total dust emission in the two experiments are close to each 272 

other and the global averaged DOD is within the range of observational estimates 273 

(0.030±0.005) by Ridley et al. (2016) (See details below in Section 4.1).  274 
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Moreover, we conducted another experiments (labeled as NEW_PI) to estimate 275 

the effective radiative forcing of dust due to aerosol-radiation interactions (ERFari) from 276 

PI to PD. The setup for the experiment is the same as NEW, except that it uses the land 277 

surface data for 1850 to represent the dust emissions in the PI condition. The ERFari of 278 

dust is calculated following Ghan (2013)’s method with the equation below: 279 𝐸𝑅𝐹௔௥௜ = ∆(𝐹 − 𝐹௖௟௘௔௡). (9) 280 

Here, ∆ represents the difference between the experiments with dust emissions in PD and 281 

PI conditions (i.e., NEW minus NEW_PI). 𝐹 are the all-sky radiative fluxes, while 282 𝐹௖௟௘௔௡ are the radiative fluxes under no aerosol conditions. A caveat of this method is 283 

that different land cover datasets used in NEW and NEW_PI may impact the estimated 284 

ERFari through changes in surface albedo. Details regarding ERFari are provided in 285 

Section 4.3. In addition, we note the effective radiative forcing of dust due to aerosol-286 

cloud interactions (ERFaci) is not estimated in this study because the surface albedo 287 

differences between PI and PD largely impact the estimate of ERFaci. 288 

3 Observations 289 

3.1 MIDAS 290 

 The ModIs Dust AeroSol (MIDAS) dataset (Gkikas et al., 2021) provides daily 291 

DOD at 550nm at ~ 0.1° horizontal resolution on a global scale. This dataset derives 292 

DOD by combining aerosol optical depth (AOD) from MODIS-Aqua (Collection 6.1; 293 

Level 2) with DOD-to-AOD ratios from MERRA-2 reanalysis data. In our study, we use 294 
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the data from 2003 to 2010 and process the original data to an annual mean DOD at 1° 295 

horizontal resolution. The processed MIDAS DOD is compared with annual mean 296 

simulated DOD from 2001 to 2010.  297 

3.2 Dust deposition flux measurements 298 

 The dust deposition flux dataset, which consists of 84 stations, was compiled by 299 

Huneeus et al. (2011). This compilation includes measurements from Ginoux et al. 300 

(2001), Mahowald et al. (2009), Mahowald et al. (1999), and the Dust Indicators and 301 

Records in Terrestrial and Marine Paleoenvironments database (Kohfeld & Harrison, 302 

2001; Tegen et al., 2002). In general, the observation sites are located at relatively 303 

remote regions. It is noted that the measurements were collected during the late 20th 304 

centuries, while we compare them against modelling results over the period 2001-2010 305 

to evaluate the model from a climatological perspective. Systematic errors are 306 

introduced here because the period of the simulation does not coincident with that of the 307 

measurements. Moreover, we use simulated dust over the whole size range (< 10 µm) for 308 

the comparison whereas the size range of the measurements is unknown, which is likely 309 

to be another source of uncertainties in the comparison. Also, comparing model results at 310 

~100 km resolution with deposition flux data measured at stations leads to representative 311 

biases (same source of bias also exists for the ground-based measurements introduced in 312 

Sections 3.3 and 3.4 below). 313 
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3.3 AERONET AOD 314 

 The Aerosol Robotic NETwrok (AERONET) (Holben et al., 1998) conducts sun 315 

photometer sky radiance measurements that are inverted to produce aerosol properties 316 

across the world. Following Kok et al. (2014), we process the level 2.0 quality assured 317 

AOD from version 2 direct sun algorithm during the simulation time period (2001 to 318 

2010) at 40 “dust-dominated” sites, which include 16 in North Africa, 11 in Middle East, 319 

6 in rest of Asia, 3 in Australia, and 4 in Atlantic. Most of the sites locate at regions 320 

close to the AD sources identified by Ginoux et al. (2012). It is noted that the 321 

AERONET AOD measurements are biased towards clear-sky conditions due to the 322 

cloud-screening procedure (Smirnov et al., 2000).  323 

3.4 IMPROVE dust and aerosol concentrations measurements 324 

The Interagency Monitoring of Protected Visual Environments (IMPROVE; 325 

Malm et al., 1994) network operates filter based surface aerosol measurements across 326 

the United States. Here, we use the fine dust (FD) and coarse aerosol mass (CM) 327 

concentrations from the IMPROVE network during the simulation period (2001 to 2010). 328 

The observed FD concentrations are estimated from an empirical relationship with the 329 

isotopic mass concentrations of aluminium, silicon, calcium, iron, and titanium (Malm et 330 

al., 1994). They only include dust particles with diameter smaller 2.5 μm and are 331 

compared with simulated dust concentrations at the same size range. The CM 332 

concentrations are determined by the difference of the measured PM10 and PM2.5 mass. 333 

They are compared with simulated total aerosol mass in the same size range. Previous 334 
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studies use CM as a proxy for dust (e.g., Wu et al., 2018). A CM speciation study at 9 335 

IMPROVE sites that represent the continental US found that crustal minerals (i.e., dust) 336 

accounts for 34% to 76% of the CM concentrations, which makes dust the single largest 337 

contributor to CM in all the stations except the Mount Rainier site (Malm et al., 2007). 338 

However, other aerosols, like carbonaceous aerosols, nitrate, and sulfate, may also 339 

contribute to CM. Therefore, to further eliminate the contribution from non-dust aerosols, 340 

we select the CM data only when the simulated dust accounts for more than 90% of the 341 

total aerosol mass for the comparisons. The location of the IMPROVE sites are shown in 342 

Figure S1. In total, we select 194 and 67 stations for FD and CM comparisons, 343 

respectively. 344 

4 Results 345 

4.1 Present-day dust emission and global dust cycle 346 

Figure 1 shows the simulated dust emission fluxes from the NEW and CTRL 347 

experiments at PD. The global total dust emission flux from NEW is 4263 Tg yr-1, with 348 

ND and AD accounting for 3695 Tg yr-1 and 567 Tg yr-1, respectively. The AD emission 349 

contributes 13.3% to the total dust emission, which is lower than the estimate (25%) by 350 

Ginoux et al. (2012) but comparable with the estimate (10%) from Stanelle et al. (2014). 351 

The AD emission sources in NEW locate in the Great Plains of the North America, the 352 

Sahel and the Atlas Mountains of North Africa, East European Plain and Central Asia, 353 

highlands of Saudi Arabia in the Middle East, Pakistan and North India in South Asia, 354 
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North and Northeast China plains in East Asia, and the southwest of Australia (Figure 355 

1d). These AD sources are corroborated with the sources identified by Ginoux et al. 356 

(2012) using the MODIS data, except those located in East Europe and northern part of 357 

Central Asia. One possible reason for this is that the MODIS data they utilized only 358 

extends to 50°N and does not include East Europe and northern part of Central Asia. We 359 

note that previous observational studies (e.g., Verheijen et al., 2009) have reported 360 

agriculatural dust emissions over East Europe, which supports our results. The Central 361 

Asia AD emissions were also identified by Stanelle et al. (2014) that agrees with our 362 

results. Overall, the global spatial distribution of the simulated AD emissions is largely 363 

correlated with the crop PFT fraction (Figure 1e) but also related to the vegetation 364 

coverage, soil moisture, and surface wind speed. The total emission flux from NEW 365 

(4263 Tg yr-1) is comparable with that from CTRL (4106 Tg yr-1) due to the model 366 

tuning of global DOD mentioned in Section 2.4, while the dust sources simulated by 367 

CTRL are mostly classified as the ND ones in NEW. This indicates that the dust 368 

emissions are redistributed in NEW by lowering the ND emissions and representing the 369 

AD sources compared to CTRL. 370 

Table 2 summarizes the global dust budget of CTRL and NEW experiments, 371 

while the spatial distributions of dust optical depth (DOD) are shown in Figure 2. The 372 

global and annual mean DOD from the NEW experiment is 0.028, which is within the 373 

observational estimate (0.030±0.005) by Ridley et al. (2016). The global distribution of 374 

AD DOD correlates with the AD emissions (Figure 1d), with the maximum values in 375 

East Sahel, the Atlas Mountain, North India, and North China. The global and annual 376 
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mean DOD from NEW is close to that from CTRL (0.029) because of the tuning strategy 377 

applied to the global total dust emission. However, the spatial distributions of total DOD 378 

are slightly different in the two experiments (Figure 2e) – the NEW experiment 379 

simulates larger DOD at regions close to AD sources but smaller DOD over major ND 380 

sources (e.g., Sahara and Gobi Desert), which is consistent with the aforementioned 381 

redistribution of dust emission in NEW. The total dust burden in NEW is 22.0 Tg, which 382 

is within the range of the AeroCom (Aerosol Comparisons between Observations and 383 

Models) models (8 to 30 Tg; Huneeus et al., 2011). The total dust burden from NEW is 384 

also close to that from CTRL. The contributions of AD to total DOD and total dust 385 

burden in NEW are 10.7% and 10.9%, respectively, which are slightly smaller than the 386 

contribution (13.3%) of AD to total dust emission because of the shorter lifetime of AD 387 

(1.52 days) than that of ND (1.94 days). This indicates a faster removal of AD than ND 388 

from the atmosphere, likely associated with the fact that AD is emitted from cropland 389 

and trapped within PBL whereas ND from deserts can be uplifted above PBL (e.g., by 390 

cold fronts) during emissions and undergo the long-range transport (Huang et al., 2015). 391 

We note that the dry removal rate (i.e., dry deposition flux devided by burden) for AD 392 

(188 yr-1) is much larger than that for ND (147 yr-1), which indicates a stronger dry 393 

deposition of AD that is corroborated with its possibly weaker vertical transport. The 394 

lifetime of total dust from NEW (1.88 days) is slightly shorter than that from CTRL 395 

(1.94 days), while the lifetime of ND from NEW (1.94 days) is the same as that from 396 

CTRL. 397 
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4.2 Model evaluation 398 

The comparisons between simulated DOD and the MIDAS dataset are shown in 399 

Figure 3. Overall, NEW and CTRL perform similarly when comparing with MIDAS. 400 

The misrepresentations of simulated DOD are mainly caused by biases in the ND 401 

emissions and atmospheric processes that affect dust transport and deposition. For 402 

example, both CTRL and NEW show underestimations over West Sahara and 403 

overestimations over East Sahara, which are known biases related to the geomorphic 404 

source function used by the Z03 dust emission parameterization (Wu et al., 2020). 405 

However, regional changes related to the AD emissions are also presented. The CTRL 406 

experiment has stong low biases over North India, which is turned into high biases after 407 

including the AD emissions in NEW (Figure 1d). The newly represented AD sources in 408 

North China also result in an overprediction in NEW, which is not shown in CTRL. The 409 

AD emissions also lead to a larger DOD in NEW than CTRL over the Bay of Bengal, 410 

Southeast Asia, and South China (Figure 2e), which reduces the low biases over these 411 

regions or even turn them into high biases in NEW. In addition, the underprediction over 412 

the central US in CTRL is slightly improved in NEW, since the NEW experiment 413 

predicts larger DOD over there due to the local AD emissions (Figure 2e). 414 

The NEW and CTRL experiments also perform similarly well in the comparison 415 

with the global dust deposition flux dataset (Figure 4) – both experiments show 416 

reasonably good agreement with observations with a correlation coefficient (R) of 0.86. 417 

One major reason for the similar performance is that most of the deposition 418 

measurements were conducted at remote regions. Since the AD sources are generally 419 
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close to the ND sources, the impact of different source locations is minimalized when 420 

dust aerosols reach remote regions after the long-range transport. 421 

 The impact of newly added AD emissions becomes more noticable when moving 422 

to the regions close to dust sources. Figure 5 shows the simulated AOD in CTRL and 423 

NEW experiments compared with the AERONET AOD at these stations. The 424 

comparison of the AOD seasonal cycle at each station is shown in Figure S2. We note 425 

that many of these stations are significantly influenced by ND because they are located 426 

close to the major ND sources. Despite of this, including AD sources in NEW still 427 

obviously improves the agreement with observations as compared to CTRL – the overall 428 

correlation of the comparison increases from 0.85 in CTRL to 0.90 in NEW, while the 429 

magnitude of the mean bias (MB) reduces by half in NEW. The most significant 430 

improvement occurs in Asia, where the underestimation of AOD is reduced by nearly 10 431 

times (from -0.109 to -0.011). This is mainly due to the newly simulated AD sources in 432 

North India that turn the underestimation at Kanpur and Jaipur stations into slight 433 

overestimation (panel a3 and a4 in Figure S2). This change is consistent with the 434 

MIDAS comparison in North India (Figure 3). These two stations show large high biases 435 

during late spring and early summer in the NEW experiment, which possibly indicates a 436 

wrong seasonal cycle of AD emissions in North India. In addition, the underprediction of 437 

the AOD in North Africa is also slightly improved in NEW. We notice that the simulated 438 

AD DOD in NEW tends to peak between Janauray and April over the Sahel regions 439 

(panel c1, c5, c7-c11, c14, and c16 in Figure S2), which may be linked to the low LAI 440 

over cropland during this time. As a result, the NEW experiment shows improvement 441 
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during early spring at several stations in Sahel, like Ouagadougou, Ilorin, and Djougou 442 

(panel c5, c7, and c10 in Figure S2, respectively). 443 

Figure 6 shows the comparison of simulated surface FD and CM concentrations 444 

with measurements from the US IMPROVE network. Since the network stations are 445 

mostly in considerable distances from the major ND sources, the impacts of AD 446 

emissions are profound. Including AD in the NEW experiment results in an 447 

overprediction of simulated FD (MB changes from -0.10 µg m-3 in CTRL to 0.40 µg m-3 448 

in NEW), which makes the comparisons between model and observation worse (R 449 

decreases from 0.685 to 0.520). The high biases in NEW mainly occur at regions close 450 

to AD sources that have relatively high FD concentrations, whereas the NEW 451 

experiment outperforms the CTRL experiment at relatively remote regions where the 452 

simulated FD concentrations is less than 0.3 µg m-3. In contrast, the NEW experiment 453 

shows obvious improvements in simulating CM concentrations, which is evident by an 454 

increase in R from 0.36 to 0.48 and a reduction in the magnitude of MB from -3.23 µg 455 

m-3 to -0.44 µg m-3 as compared to the CTRL experiment. The inconsistency in the 456 

comparisons of FD and CM concentrations may be due to the overestimation of dust 457 

emissions in clay size (Kok, 2011) in E3SMv1.  458 

 Overall, the above evaluations validate our new parameterization’s ability to (1) 459 

simulate global dust cycle comparably well as the baseline model and (2) capture the AD 460 

sources reasonably well as indicated by obvious regional improvements. Next we will 461 

use our AD parameterization to futher examine the climate impacts of AD.  462 



 

 

manuscript submitted to Journal of Advances in Modeling Earth Systems 

 

23 
 

4.3 Historical change of dust and the ERFari 463 

 In this section, we examine the historical change of dust emission and the 464 

consequent dust ERFari due to the land cover change from PI to PD. The dust emissions 465 

under PI and PD land cover are simulated from NEW_PI and NEW experiments, 466 

respectively. The dust budget from NEW_PI is shown in Table 2, while Figure 7a and 7b 467 

shows the global distributions of ND and AD emissions in the PI land cover condition. 468 

The total dust emission increases by 495 Tg yr-1 (13.1%) from PI to PD, accompanied by 469 

a 11.7% increase in the global total dust burden. We note this increase is smaller than the 470 

estimate (24.5%) by Stanelle et al. (2014), because they considered the impact of climate 471 

change other than that the impact of land use change. The increase in dust emission is 472 

dominated by a 347 Tg yr-1 increase in the AD emission – specifically, the AD emission 473 

increases by 158% from 220 Tg yr-1 to 567 Tg yr-1 from PI to PD. The AD emission 474 

increases over all the AD sources globally from PI to PD (Figure 7d), due to the 475 

agricultural expansion that is reflected by the increase of cropland fraction (Figure 7e 476 

and Figure 1e). The ND emission also slightly increases (by less than 5%) from PI to PD 477 

(Figure 7c). One possible reason is that the increase in cropland consumes forest and 478 

grassland, which reduces the grid-mean LAI and thus exposed more bare soil as 479 

potential ND sources (i.e., 𝑓௠,ே஽ increases in Eq. (8) because LAI decreases in Eq. (3)). 480 

The meteorology changes (e.g., winds and precipitation) due to land use change may 481 

also contribute to the regional changes in the ND emission. Overall, the impact of land 482 

use change on ND is much smaller than that on AD. However, it is worth noting that 483 
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same soil erodibility map is used in the ND emission parameterization for the PI and PD 484 

conditions, which may reduce the sensitivity of ND emissions to the land use change.  485 

Finally, we quantify the all-sky TOA ERFari of dust due to the land cover change 486 

from PI to PD (Figure 8). The increase in total dust emission induces a negative 487 

shorwave ERFari of -0.05 W m-2 and a positive longwave ERFari of 0.009 W m-2 (Figure 488 

8a-b), which are due to more scattering of solar radiation and more absorbption of 489 

longwave radiation by dust in PD than PI, respectively. The statistically significant 490 

ERFari of dust are mostly found near the AD sources, indicating a dominant contribution 491 

of AD. We also note that the moderately positive shortwave ERFari (Figue 8a) over the 492 

mid-latitude regions in North America and Eurasia is likely related to suface albedo 493 

change because of the deforestation in PD, instead of changes in dust. The resulting net 494 

ERFari of dust is -0.041 W m-2 from PI (1850) to PD (2000) (Figure 8c). This is 495 

substaintial compared to the IPCC AR6 estimate of total aerosol ERFari (-0.3 ± 0.3 W m-496 

2) from 1750 to 2014, which highlights the important role of dust from anthropogenic 497 

land cover change in the regional and global climate changes.  498 

In addition, we estimate the clear-sky TOA ERFari of dust as shown in Figure S3, 499 

which are -0.071, 0.011, and -0.06 W m-2 for shortwave, longwave, and net radiation, 500 

respectively. Our estimate is in good agreement with the clear-sky dust ERFari (-0.05 W 501 

m-2) due to anthropogenic land cover change from Stanelle et al. (2014). 502 
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5. Discussion 503 

In this study, we predict a 11.7% increase in global dust burden due to the land 504 

cover change from PI to PD (Table 2). This increase is higher than most of the CMIP6 505 

models included in the study by Kok et al. (2023), whereas it is still smaller than the 506 

increase (55 ± 30%) shown by the reconstruction data. Below we provide several 507 

possible explanations. 508 

The AD emission parameterization developed in our study only accounts for the 509 

AD produced from wind erosion over the cropland. The wind erosion from other land 510 

types, like pastureland, and direct AD emission due to anthropogenic activities (e.g., 511 

construction, traffic, and agricultural practices with heavy equipments) are not included. 512 

This indicates that the AD emission in the PD condition may be underestimated. Since 513 

anthropogenic activities and land use changes are more intense in PD than PI, it is likely 514 

that our estimate of the historical dust emission increase is also underpredicted. 515 

Moreover, we only examine the effect of land use changes on dust emissions, while the 516 

climate change factors (e.g., changes in surface wind and soil moisture due to 517 

anthropogenic climate change) are ignored. Stenelle et al. (2014) noted that 518 

anthropogenic climate change is almost equally important in the increase of historical 519 

dust emission as compared to the anthropogenic land use change. A regional study also 520 

found that climatic factors are the main driver of recent decline of dust activity in East 521 

Asia, while vegetation cover change due to land use managements plays only a minor 522 

role (Wu et al., 2022). This indicates that the dust change from PI to PD estimated in our 523 

study may be biased low without considering the impact of climate change. If the above 524 
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uncertainties are well addressed, the increase of dust emission from PI to PD may be 525 

enlarged, which better matches the estimate by Kok et al. (2023). In this case, the 526 

magnitude of ERFari of dust is likely to increase, which emphasizes the important 527 

contribution of dust to total anthropogenic aerosol radiative forcing. 528 

Moreover, this study focuses on the direct radiative forcing of AD, while its 529 

indirect forcing is also of great interest. Dust aerosols are efficient INPs that can 530 

influence the phase partition of mixed-phase clouds (Shi & Liu, 2019), which have 531 

important implications on climate feedback (Murray et al., 2021). In particular, 532 

agriculatural dust was found to have distinct ice nucleating ability compared with 533 

mineral dust from desert (ND) at warm temperatures (Steinke et al., 2016), which 534 

indicates that AD and ND may have different impacts on low-level mixed-phase clouds. 535 

Future studies are needed to investigate these topics. 536 

In addition, our AD parameterization is simplified, because it only relates the AD 537 

emissions to crop land use. In reality, other factors, like types of crops and agricultural 538 

practices, may also have an impact of AD emission. In our future work, we will 539 

incorporate our AD parameterization with an interactive crop model to take into account 540 

these aspects more comprehensively.  541 

Finally, in addition to their climate impacts, dust aerosols may substantially 542 

influence the air quality and human health. The 1930s Dust Bowl in the Southern Great 543 

Plains of North America, which is partially due to poor agricultural practices, resulted in 544 

increasing death and illness from acute respiratory infections (Worster, 2004). Moreover, 545 

a recent study finds that anthropogenic dust from urbanization worsens non-dust air 546 
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pollution through inducing surface radiative cooling that reduces the planetary boundary 547 

layer height in urban regions (Xia et al., 2022). A detailed analysis is needed to closely 548 

evaluate the contribution of AD to human health effects, which is beyond the scope of 549 

this paper. Here, we use population-weighted surface AD and ND concentrations in the 550 

PM2.5 size range (PWADPM2.5 and PWNDPM2.5) as a simple metric to broadly 551 

characterize their human-health-relevant impacts. As shown in Figure 9, the population 552 

weighted surface concentrations have high values over the densely populated regions. 553 

The contribution of PWADPM2.5 to total global mean population-weighted surface dust 554 

concentration is 27.6%, which is more than twice of that before the population weighting 555 

is applied. This indicates that the AD emission influences human health more efficiently 556 

than the ND emission, mainly because the AD sources are located closer to human 557 

habitation.  558 

6. Conclusions 559 

In this study, we developed a parameterization to account for the AD emissions 560 

in E3SMv1, which physically links AD emissions to the crop PFT fraction used in the 561 

land component of E3SMv1. According to our new parameterization, the global and 562 

annual AD emission is 567 Tg yr-1 in the PD condition, which contributes 13.3 % to the 563 

total dust emission. The major AD sources locate at the Great Plains in the North 564 

America, the Sahel and the Atlas Mountains in North Africa, East European Plain and 565 

Central Asia, highlands of Saudi Arabia in Middle East, Pakistan and North India in 566 

South Asia, North and Northeast China plains in East Asia, and the southwest of 567 
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Australia. The distribution of the AD sources from our parameterization generally agrees 568 

with the sources identified by Ginoux et al. (2012). The contribution of AD to the global 569 

DOD and dust burden are both about 11 %, which are slightly less than the AD 570 

contribution to the total dust emission, indicating a slightly shorter lifetime of AD than 571 

that of ND. We performed model evaluations against satellite retrievals and ground-572 

based observations, which demonstrates the new parameterization’s ability to represent 573 

AD emissions and global dust cycle reasonably well. We also found that AD can impact 574 

air quality and human health more efficiently than ND likely due to the proximity of AD 575 

sources to hunamn habitation.  576 

We examined the historical change of dust emission from PI to PD. We found 577 

that total dust emission increases by 13.1 % from 1850 to 2000, which is dominated by 578 

the increase in AD emission due to the expansion of cropland from PI to PD. As a result, 579 

atmospheric dust burden increases by 11.7 %. Based on this, we estimated the all-sky 580 

TOA ERFari of dust to be -0.041 W m-2 from 1850 to 2000. This is more than 10 % of 581 

the total anthropogenic aerosol ERFari (-0.3 ± 0.3 W m-2) from 1750 to 2014 estimated 582 

by the IPCC AR6 report, which highlights the important role of dust in the regional and 583 

global climate change. Considering the anthropogenic land use change is predicted to 584 

continue in the future (Hurtt et al., 2020), more studies are needed to investigate the 585 

impact of dust as a forcing agent to the future climate. 586 
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Table 1. Experiments conducted in this study. 863 

Experiment Description 

CTRL Standard configuration of E3SMv1. 

NEW A simulation including our new parameterization for AD emissions and 
the dust tagging technique to track AD and ND emissions. 

NEW_PI Same as New, but use 1850 land surface dataset 
 864 
  865 
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Table 2. Global dust budget.  866 

 CTRL
NEW NEW_PI 

Total ND AD Total ND AD 
Emission (Tg yr-1) 4106 4263 3695 567 3768 3548 220 
DOD 0.029 0.028 0.025 0.003 0.025 0.024 0.001 
Burden (Tg) 21.9 22.0 19.6 2.4 19.7 18.8 0.8 
Lifetime (day) 1.94 1.88 1.94 1.52 1.91 1.94 1.40 
Dry deposition (Tg yr-1) 3183 3336 2884 452 2945 2770 175 
Wet deposition (Tg yr-1) 922 926 810 115 822 777 45 
 867 
  868 
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 869 

Figure 1. Spatial distribution of annual mean dust emission fluxes in the PD conditions. 870 
Panel a) and b) shows the total dust emission fluxes from CTRL and NEW experiments, 871 
respectively. Panel c) and d) shows the ND and AD emissions from the NEW 872 
experiment, respectively. The numbers in panel a)-d) are total global dust emission 873 
fluxes. The percentage fraction of crop PFT on each grid cell used is shown on panel e), 874 
which is the same in CTRL and NEW experiments.  875 
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 877 

Figure 2. Spatial distributions of global annual mean DOD in PD condition. Panel a) 878 
and b) shows the total DOD from NEW and CTRL experiments, respectively. Panel c) 879 
and d) shows the ND and AD DOD from NEW, respectively. Panel e) denotes the total 880 
DOD difference between NEW and CTRL. The numbers on panel a) to d) are global 881 
averaged DOD.  882 

  883 
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 884 

Figure 3. Comparison of simulated DOD with the MIDAS dataset. Observations are 885 
shown in Panel a). Panel b) and c) show the differences between CTRL and NEW 886 
experiments and MIDAS dataset, respectively.  887 

  888 
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 889 

Figure 4. Comparisons of observed dust deposition fluxes with modeling results from a) 890 
CTRL and b) NEW. Solid lines represent 1:1 comparison, while dashed lines represent 1 891 
order of magnitude differences. The correlation coefficient (R) is shown on each 892 
comparison. The locations of the measurements are shown in panel c). The stations are 893 
grouped by regions using different colors.  894 
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 896 

Figure 5. Comparisons of AERONET measured AOD and simulated AOD from a) 897 
CTRL and b) NEW experiments at 40 stations. Solid lines represent 1:1 comparison, 898 
while dashed lines mark a factor of two differences. The correlation (R) and mean bias 899 
(MB) between modeling results and observations are shown in black on the two panels. 900 
The AERONET stations are grouped regionally and classified by different colors. The 901 
MB for various regions are also shown in corresponding colors. The locations of the 902 
sites are shown in panel c). The gray contours on panel c) are the annual mean (year 903 
2001 to 2010) simulated AD emission fluxes from NEW.  904 
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 914 

Figure 7. Spatial distribution of annual mean a) ND and b) AD emission fluxes in the PI 915 
land cover condition. The differences of ND and AD emissions between PD and PI (PD 916 
minus PI) land cover conditions are shown in panel c) and d), respectively. Panel e) is 917 
the percentage fraction of crop PFT on each grid cell in PI. Results from NEW_PI and 918 
NEW are used for the PI and PD land cover conditions, respectively. 919 
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 921 

Figure 8. Spatial distribution of annual mean all-sky TOA a) shortwave, b) longwave, 922 
and c) net ERFari of dust due to the land cover change from PI to PD. Hatching indicates 923 
regions where the changes are significant to the 0.05 levels.  924 
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 926 

Figure 9. Global distribution of a) ND (NDPM2.5) and b) AD (ADPM2.5) surface mass 927 
concentrations in the PM2.5 size range. Panel c) and d) are the population weighted 928 
surface mass concentrations for ND (PWNDPM2.5) and AD (PWADPM2.5). Results from 929 
the NEW experiment are used in this figure. PWADPM2.5 (PWNDPM2.5) is determined 930 
through multiplying the surface mass concentration of AD (ND) in the PM2.5 size range 931 
at each grid cell with a population weight factor, which is equal to the population density 932 
at that grid cell divided by globally averaged population density. The population density 933 
data used here is the data for year 2010 from the Gridded Population of the World, 934 
Version 4 dataset (SEDAC, 2022). The resolution of this dataset is 1°, which is 935 
compatible with the horizontal resolution of our model grid. 936 

 937 
 938 
 939 


