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Key Points: 13 
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world sources, and longwave scattering correction  15 

 The global dust longwave effect remains within published values while the shortwave one 16 

is reduced due to the inclusion of coarse particles 17 

 Varying the longwave refractive index within its documented range of variability modifies 18 

the sign of the net global dust direct effect  19 
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Abstract 21 

We revise the direct radiative effect (DRE) of mineral dust aerosols in the shortwave (SW) and 22 

longwave (LW) based on global model simulations that include coarse dust particles (> 20 µm) 23 

and a new LW complex refractive index (CRI) dataset representative of major global sources. 24 

Simulations are constrained against observed dust size distributions and optical depth. Scattering 25 

of LW radiation is accounted for in the analysis. The extension of the dust size beyond 20 µm 26 

causes a reduction in the SW DRE compared to current model estimates, while the LW DRE 27 

remains within published values due to compensating effects between changing size distribution, 28 

CRI and accounting for dust scattering. The dust direct radiative effect efficiency from model 29 

simulations reproduces well field observations close to sources and after transport. The global 30 

mean net effect of dust is ‒0.03 Wm‒2 as a result of cooling over oceans and warming over land. 31 

1. Introduction 32 

Whether desert dust aerosols warm or cool the planet by their direct radiative effect is still a 33 

matter of debate (Boucher et al., 2013; Kok et al., 2017, hereafter Kok17). Dust particles of 34 

diameter (D) smaller than 2 µm mostly cool our planet because scattering of SW radiation 35 

dominates spectral absorption, while larger particles tend to cause warming by absorption of both 36 

SW and LW radiation (Liao and Seinfeld, 1998; Miller et al., 2004. Mahowald et al., 2014). 37 

Currently, global and regional models suffer from important deficiencies that introduce biases 38 

in the estimated total dust DRE. These are: 39 

1. Dust size distribution is often limited to a maximum diameter of typically 10 or 20 µm in 40 

both regional and global models (Huneeus et al., 2011; Kok17), neglecting the coarsest 41 

particles which could contribute to positive DRE for both SW and LW radiation. 42 

Furthermore recent field observations suggest that particles larger than 20 µm are present in 43 

significant mass concentrations in the atmosphere (Ryder et al., 2013a, 2018, 2019; Weinzerl 44 

et al., 2017; van der Does et al., 2018). 45 

2. Modelled dust mass concentrations are usually under‒estimated in models for particles with 46 

D>5 µm and over‒estimated for D<2 µm compared to observations (Kok, 2011; Kok17; 47 

Ryder et al., 2019). Kok17 uses constraints on the size‒dependency of the dust emissions to 48 

fit field observations, which results in an average contribution of 4.3% for diameters smaller 49 

than 2 µm, significantly lower than the 5‒35% range in other models.  50 

3. The variability in the dust complex refractive index at both SW and LW wavelengths, caused 51 

by regional differences in the particle mineralogy (Sokolik and Toon, 1999), is not accounted 52 

for in models. Global models commonly use the CRI of dust aerosols collected at Barbados 53 

after being transported from the Sahara by Volz (1973) (hereafter V73) at LW wavelengths, 54 

whereas different CRI datasets (Patterson et al., 1977; Shettle and Fenn, 1979; d’Almeida et 55 

al., 1991) are used in the SW. Recent laboratory measurements of dust samples collected 56 

over many different deserts suggest that the imaginary part of the SW and LW CRI as 57 

assumed in models are upper bound values that can lead to a strong overestimate of the dust 58 



 

 

spectral absorption and biases in DRE (Di Biagio et al., 2017, hereafter DB17; Di Biagio et 59 

al., 2019). 60 

4. Most global and regional models do not include LW scattering in their radiative scheme. 61 

However, the contribution of scattering is relevant as it could increase the LW DRE at the 62 

Top‒of‒the‒Atmosphere (TOA) by 50% (Dufresne et al., 2002; Sicard et al., 2014; Osipov 63 

et al., 2015). Up to now only two studies (Miller et al., 2006; Kok17) try to account for 64 

missing LW scattering by artificially augmenting the retrieved TOA DRE by 23%. 65 

Nonetheless, this correction represents only about half of the value inferred by Dufresne et 66 

al. (2002), Sicard et al. (2014), and Osipov et al. (2015). 67 

5. Dust particles are usually assumed as spherical in models. While this simplification may 68 

considerably impact the extinction efficiency (Qext) and AOD calculations (Dubovik et al., 69 

2006; Kok17, Potenza et al., 2016), it was demonstrated to have only a limited influence on 70 

the TOA DRE (considering a more realistic phase function results in less than 5% and 10% 71 

difference compared to spherical dust in the SW and LW ranges, Bellouin et al., 2004; 72 

Colarco et al., 2014; however, a larger effect might be expected if a Bidirectional Reflectance 73 

Distribution Function, BRDF, surface albedo is assumed in models, Osipov et al., 2015).  74 

In this study we present a novel evaluation of the global DRE by mineral dust aerosols and 75 

its SW and LW components based on new global model simulations. We constrain the size 76 

distribution of dust in the source regions and its AOD at 550 nm (AOD550) in our simulations based 77 

on field observations, incorporating dust sizes beyond 20 µm diameter. We correct the dust DRE 78 

for accounting the LW scattering effect following Dufresne et al. (2002). For the first time in global 79 

simulations we take into account regional variations of the LW CRI, as documented in DB17, to 80 

estimate the dust spectral optical properties. In the present study we assume that dust particles are 81 

spherical.   82 

We compare simulated dust SW and LW direct radiative effect efficiency (DREE) with 83 

available observations (including space‒borne sensors) over Northern Africa, Asia, the Atlantic 84 

Ocean, and the Mediterranean basin.  85 

2. Method 86 

Global aerosol simulations are performed with the LMDZOR‒INCA model (Schulz, 2007; 87 

Balkanski et al., 2010) which couples interactively the LMDZ (Laboratoire de Météorologie 88 

Dynamique) atmospheric General Circulation Model, the ORCHIDEE land surface model and the 89 

INCA (INteraction with Chemistry and Aerosols) aerosol module. The radiative transfer module 90 

includes a six‒band (0.185‒4.0 µm) version of the Fouquart and Bonnel (1980) scheme in the SW 91 

and the RRTMG (Rapid Radiative Transfer Model for Global Circulation Models) radiative 92 

scheme in sixteen bands between 3.33 and 1000 µm. 93 

2.1 Constraining the size distribution of dust aerosols 94 

A superposition of lognormal modes is used to represent the aerosol size distribution in 95 

LMDZOR‒INCA (Schulz, 2007). Each mode is described by two variables: a Mass Median 96 



 

 

Diameter (MMD) and a geometric standard deviation (σ). The MMD in each mode varies during 97 

the simulation in order to account for all processes that increase or deplete the aerosol atmospheric 98 

concentration. In contrast, the width of the size distribution (measured by σ) is kept constant. The 99 

shape of the dust size distribution at emission is constrained by fitting the dataset recently used by 100 

Kok17 (Fig. 1a), but augmented to include missing particles larger than 20 um with airborne 101 

measurements taken during the FENNEC campaign in Western Sahara for airborne dust less than 102 

12 hours after emission (Ryder et al., 2013a, 2013b) (Fig. 1b). FENNEC is the only campaign that 103 

measured the dust size distribution up to 150 µm in diameter very close to source areas. We fit the 104 

extended size distribution with four lognormal modes with respective MMD equal to 1 µm (σ=1.8), 105 

2.5 µm (σ=2), 7 µm (σ=1.9), and 22 µm (σ=2). The relative mass contribution (mi) by each mode 106 

to the total emitted size, retrieved by fitting the ensemble of the observational dataset, is 0.6% 107 

(±0.1%), 4.3% (±0.4%), 31.5% (±1.8%) and 63.6% (±2.2%) for modes at 1, 2.5, 7, and 22 µm 108 

MMD, respectively (Fig. 1b). The ratio of the PM2 (D ≤ 2 µm) to PM20 (D ≤ 20 µm) emitted mass 109 

is 4.7%, within the 3.5‒5.7% range indicated by Kok17. 110 

The average size distribution of atmospheric dust is in agreement with in situ and remote 111 

sensing field observations taken after few days of transport in Northern Africa, the Mediterranean, 112 

and across the Atlantic Ocean (Fig. 1c). The model captures well the coarse component of the dust 113 

size as measured in the field but does not represent the peaks in volume distribution below about 114 

0.5 µm shown in field data, which are documented to consist of fine anthropogenic particles mixed 115 

in the dust plume (Chou et al., 2008; Kandler et al., 2011). 116 

The size‒resolved dust load in our model also agrees with new field observations indicating 117 

that, after few days of transport at Cape Verde, dust particles larger than 5 um (20 µm) account for 118 

60% (0‒12%) of the mass (Ryder et al., 2019). Our model data extracted over the same area and 119 

time period show 63% and 11.5% of the mass for D > 5 µm and D > 20 µm, respectively. 120 

2.2 Constraining the spectral CRI of dust 121 

To further constrain simulations we use a novel observational dataset of regionally‒averaged 122 

LW CRI published by DB17 for nineteen natural dust aerosol samples collected in arid and semi‒123 

arid regions of the world (Africa, Asia, America, Australia). These nineteen samples were selected 124 

from a much larger assemblage to represent the global variability of the dust content of LW‒active 125 

minerals (clays, quartz, and calcite), and therefore of LW CRI. Published radiative closure studies 126 

based on aircraft radiation data (Meloni et al., 2018; Granados‒Muñoz et al., 2019) and satellite 127 

radiance observations (Liuzzi et al., 2017; Banks et al., 2018; Song et al., 2018) confirm the 128 

improved capability of the DB17 dataset to represent the regional variations in the dust LW DRE 129 

compared to the V73 CRI. 130 
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 132 

1 Dubovik et al. (2002; 2 Weinzierl et al. (2009); 3 Formenti et al. (2011); 4 Ryder et al. (2013b) ‒ SAL (Saharan Air Layer); 5 Ryder et al. 133 
(2013b) ‒ aged dust; 6 Chen et al. (2011); 7 Weinzierl et al. (2011); 8 Weinzierl et al. (2017) ‒ Cape Verde; 9 Ryder et al. (2018); 10 134 
Formenti et al. (2001); 11 Maring et al. (2003); 12 Denjean et al. (2016b); 13 Weinzierl et al. (2017) ‒ Barbados. 14 Denjean et al. (2016a) 135 

Figure 1. Volume size distributions dV/dlogD and longwave optical properties of the dust aerosols. a Size 136 

distribution of the emitted dust reported by Kok17 (Kok et al., 2017) obtained by fitting the reported dataset 137 

ensemble. b Size distribution of the emitted dust retrieved in this study. Similar to panel a, the distribution is 138 

obtained by fitting the Kok17 dataset ensemble but also includes the FENNEC dataset that represents fresh 139 

dust (<12 h from emission). The contribution by the four different modes to our fitted size is shown. c. 140 

Globally‒averaged atmospheric dust size distribution obtained from model simulations in this study (weighted 141 

by the global mass load of each mode) and in Kok17. Field data from campaigns in Northern Africa (blue 142 

lines), the Mediterranean (cyan lines), eastern Atlantic Ocean (green lines) and Western Atlantic Ocean (pink 143 

lines) are shown for comparison. Retrieved dust size from AERONET is also reported. All size data in panels 144 

a‒c, including the scattering data and the fitting lines from Kok17, are normalized to 1 at the maximum of the 145 

volume distribution. d‒e Longwave real and imaginary parts of the CRI from V73 (Volz, 1973) and DB17 (Di 146 

Biagio et al., 2017). The black line represents the average spectral values from DB17, while the shaded grey 147 

area envelopes the minimum and the maximum of the DB17 dataset representing the CRI regional variability. 148 

f Spectral absorption (Qabs) and extinction (Qext) efficiencies estimated from Mie calculations for a particle of 149 

D = 10 µm and V73 and DB17 CRI. 150 



 

 

 In the present study, the base model simulations use the mean wavelength‒dependent LW 151 

CRI values by DB17. The minimum and maximum of the imaginary part from DB17 (and 152 

associated real parts from Kramers‒Kronig relationships) serve to represent the envelope of the 153 

regional variations in CRI. Figure 1d‒f illustrates the important finding that the imaginary parts 154 

of the CRI from DB17 is lower than reported by V73, resulting in a lower absorption over most of 155 

the spectrum. Figure 1f also illustrates the relative importance of scattering versus absorption at 156 

longwave wavelengths, i.e. Qabs is only a fraction of Qext,. 157 

In the SW range we employ the spectral CRI from Balkanski et al. (2007) computed assuming 158 

that dust contains an average 1.5% of hematite by volume. This assumption corresponds to 1.52‒159 

0.0017i at 550 nm and proved to produce good agreement of the simulated SW TOA DRE and 160 

satellite observations (Balkanski et al., 2007). This SW CRI falls at the mean of the values recently 161 

reported by Di Biagio et al. (2019) for dust from major global sources.  162 

2.3 Constraining the dust emission flux, atmospheric load and optical depth 163 

The total emission flux (Etot) is 13689 Tg yr‒1 in our simulations, amounting to 5023 Tg yr‒1 164 

for D>20 µm and 8666 Tg yr‒1 for  D ≤ 20 µm, a value that is at the upper bound of the emission 165 

flux range obtained by Escribano et al. (2017) through a source inversion approach. The Etot is 166 

partitioned between the four modes following their mass percent contribution to the emitted size, 167 

resulting in E1=80, E2.5=584, E7=4308, and E22=8717 Tg yr‒1, respectively. We set the Etot value 168 

in order to have a resulting global and annual mean dust AOD550 within the range from recent 169 

synthesis of observations (0.030 ± 0.005) (Ridley et al., 2016) and at the same time both the PM10 170 

(D ≤ 10 µm) and PM20 dust loads the closest as possible to the reported range by Kok17 (13‒29 171 

Tg and 14‒33 Tg, respectively). The dust AOD550 in our simulations is 0.026 for a total load of 172 

38.9 Tg, of which 26 Tg for PM10 and 34.1 Tg for PM20. 173 

2.4 Global simulations and DRE estimate 174 

We run the model separately for each of the four size modes and for the multimodal size 175 

distribution. Emission is set at E1, E2.5, E7, and E22 for single‒mode simulations and at Etot for the 176 

combined multimodal run. We repeat single‒mode simulations by assuming different LW CRI 177 

datasets (mean, min, max from DB17 and V73). For the multimodal simulation we assume the 178 

mean LW CRI from DB17 only. A reference simulation with no dust aerosols is performed. 179 

The SW and LW DRE at the TOA and at the surface are calculated for clear‒ and all‒sky 180 

conditions as the difference in shortwave and longwave radiative fluxes with and without dust. 181 

The dust feedbacks on climate are not activated in our simulations, i.e. dust is a passive tracer, and 182 

the perturbation to radiative fluxes from dust is only diagnostic. 183 

The dust AOD550 and the DRE are averaged spatially (globally or over specific regions) and 184 

temporally (annually or monthly/seasonally) for the evaluation of the global and annual averages 185 

and for comparison with satellite and field observations. The SW and LW DREE is calculated as 186 

the ratio of the DRE to AOD550. 187 



 

 

As longwave scattering by dust is not accounted for in the model radiative scheme, we 188 

correct the LW DRE assuming a multiplicative factor of 2.04 (±0.18) (unitless) at TOA and 1.18 189 

(±0.01) at the surface based on Dufresne et al. (2002). This corresponds to 51% contribution of 190 

scattering to the LW DRE at TOA and 15% at the surface. Note that this correction, estimated for 191 

dust of D ≤ 10 µm, might be a lower approximation of the LW scattering by coarse dust. 192 

The uncertainty on the dust DRE and DREE arises from a combination of uncertainties in 193 

the: (i) emissions, representation of the size distribution of dust and its spatio‒temporal variability 194 

(i.e., transport and deposition processes in model), which can be expressed as a single uncertainty 195 

of the model skill to simulate the dust AOD550; (ii) dust vertical profile; (iii) refractive index 196 

assumptions and its global variability; (iv) dust shape assumptions; (v) treatment of aerosol‒197 

radiation interactions; and (vi) host model uncertainties. The overall uncertainty on the dust DRE 198 

is calculated by adding in quadrature all listed uncertainties in the assumption that error sources 199 

are independent. The resulting relative uncertainty on the global annual mean TOA DRE (DREE) 200 

is estimated to be 85% (88%) in the SW and 69% (72%) in the LW as 90% confidence intervals 201 

(CI). More details are provided in the Supplementary Information. 202 

3. Results 203 

3.1 Model‒observations comparison of the dust radiative effect efficiency  204 

Table 1 shows the comparison of our model estimates of the clear‒sky SW and LW DREE 205 

with those reported by field studies based on satellite and ground‒based observations. Comparing 206 

the DREE allows eliminating differences due to the variable regional load, optically represented 207 

by the AOD550. Observations correspond to monthly and seasonal averages in different regions 208 

close to African and Asian sources and along the transport pathway straddling along the Atlantic 209 

Ocean and the Mediterranean. 210 

The DREE values from model simulations are in good agreement with observations in the LW. 211 

Using the CRI by DB17 allows reproducing observations within the uncertainty range, both close 212 

to the sources and remotely. Results for the V73 CRI are most of the time at the upper bound of 213 

field retrieved DREE intervals. Several field studies considered for comparison make use of a 214 

certain degree of modelling to derive the dust DREE. Our model results for DREE LW are in best 215 

agreement with those providing observational‒only estimates. 216 

The DREE comparison is generally worse in the SW, but a very good agreement is obtained 217 

over the Tropical Atlantic. Differences in the SW range may arise from the different spectral 218 

coverage between the observational products and the model, and also the different methods applied 219 

for DREE retrieval and averaging (see Supplementary Information). 220 

Note that the total DREE computed by adding up the DRE from single mode simulations is up 221 

to 30% (SW) and 7% (LW) lower in absolute value than obtained from the multimodal run. 222 
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Shortwave spectral range 

Geographical zone 
Temporal 

interval 
Platform Level 

DREE field     

(Wm‒2) 

DREE model (Wm‒2) 

CRI= B07 

SIZE= SM 

CRI= B07 

SIZE= MM 

Sahara desert 

(15°‒30°N, 10°W‒ 30°E) 
JJA 

Satellite and 

modela 
TOA ~0 11.6 10.5 

Tropical Atlantic 

(15‒25N, 15‒45W) 
JJA Satelliteb 

TOA ‒35 ‒31.6 ‒28.0 

surface ‒65 ‒62.6 ‒58.3 

Tropical Atlantic 

(10‒30N, 20‒45W) 
JJA Satellitec TOA ‒28 ‒35.9 ‒32.7 

Atlantic Ocean 

(0‒30N, 10‒60W) 
JJA Satellited TOA ‒42 to 54 ‒23.7 ‒21.6 

Mediterranean basin 

(35.5N, 12.6E) 
Sept Ground‒basede‒f 

surface ‒68.8 ‒68.0 ‒65.8 

TOA ‒45.5 ‒35.5 ‒33.6 

China 

(39N, 101E) 
AMJ Ground‒basedg surface ‒60 ‒44.6 ‒34.3 

Longwave spectral range 

Geographical zone 
Temporal 

interval 
Platform Level 

DREE field     

(Wm‒2) 

DREE model (Wm‒2) 

CRI= DB17 

SIZE= SM 

CRI= DB17 

SIZE= MM 

CRI= V73 

SIZE= SM 

North Africa 

(15‒35N, 18W‒40E) 
JJA Satelliteh‒i TOA 15‒22 14.9 14.1 27.1 

West Africa 

(16‒28N, 16‒4W) 
JJA 

Satelliteh‒i 
TOA 16‒20 15.2 14.3 26.9 

Niger‒Chad 

(15‒20N, 15‒22E) 
JJA 

Satelliteh‒i 
TOA 16‒21 16.5 15.9 30.0 

Sudan 

(15‒22N, 22‒36E) 
JJA 

Satelliteh‒i 
TOA 19‒23 14.4 14.1 27.4 

Egypt‒Israel 

(23‒32N, 23‒35E) 
JJA 

Satelliteh‒i 
TOA 1‒27 14.0 14.0 27.4 

North Libya 

(27‒33N, 15‒25E) 
JJA 

Satelliteh‒i 
TOA 11‒25 13.4 12.9 24.6 

South Libya 

(23‒27N,15‒25 E) 
JJA 

Satelliteh‒i 
TOA 11‒22 14.3 14.0 26.9 

Sahara desert 

(15‒30N, 10W‒ 30E) 
JJA Satellitej TOA 11‒26 15.9 15.1 27.9 

Tropical Atlantic 

(10‒30N, 20‒45W) 
JJA Satellitec TOA 8.5 8.8 8.7 16.8 

Atlantic Ocean 

(0‒30N, 10‒60W) 
JJA Satellited TOA 2.6‒11.4 10.7 10.3 19.9 

Cape Verde 

(16.7N, 22.9W) 
Sept 

Ground‒based and 

modelk 

TOA 13 9.3 8.9 17.2 

surface 16 15.6 14.6 25.4 

China (39N, 101E) AMJ Ground‒basedg 
TOA 17‒21 9.3 7.7 16.1 

surface 31‒35 20.5 16.0 34.9 
a Patadia et al. (2009); b Li et al. (2004) ; c Song et al. (2018) ; d Christopher and Jones (2007) ; e di Sarra et al. (2008); f Di Biagio et al. (2010); 225 
g Hansell et al. (2012); h Zhang and Christopher (2003); i Brindley and Russel (2009); j Yang et al. (2009); k Hansell et al. (2010) 226 

JJA = June‒July‒August, AMJ = April‒Mai‒June; SM = Single modes simulations (sum of single modes DRE); MM = Multimodal size 227 
distribution simulations; B07 = Balkanski et al. (2007); DB17 = Di Biagio et al. (2017); V73= Volz (1973) 228 

 229 

Table 1. Model‒observations comparison of the shortwave and longwave dust clear‒sky direct radiative effect 230 

efficiency (DREE) at the surface and the Top‒of‒the‒Atmosphere (TOA) for different size assumptions and 231 

complex refractive index (CRI) data. We indicate in blue the studies that do not rely on modelling to derive the 232 

DREE. 233 



 

 

3.2 Dust global DRE: role of coarse particles and sensitivity to the refractive index  234 

Table 2 summarizes the contribution of dust particles of different sizes and CRI to the various 235 

processes and variables in our simulations. The global annual mean all‒sky DRE of mineral dust 236 

at TOA is –0.25 W m‒2 (–0.04 to –0.46 W m‒2, 90% CI) for the SW and +0.22 W m‒2 (+0.07 to 237 

+0.37 W m‒2, 90% CI) for the LW as obtained for the multimodal simulation. The net TOA DRE 238 

is –0.03 W m‒2, which corresponds to ‒0.29 to +0.23 Wm‒2 within 90% CI. The value of the net 239 

TOA DRE is given by the sum of a positive effect over land and a negative effect over oceans, 240 

particularly over the Northern Hemisphere where most of the dust is found. 241 

The modes at 1 and 2.5 µm account for a tiny fraction of emission (less than 5%) but are 242 

responsible for 21% of the dust load, 57% of AOD550 and most of the SW cooling. The opposite 243 

is true for the mode at 22 µm that represents 64% of emission but only 17% of load, 3% of AOD550 244 

and has a lower but not negligible contribution to both SW and LW DRE. In contrast, the mode at 245 

7 µm amounts to 32% of emission, 60% of load, 40% of AOD550 and more than 60% of DRE LW. 246 

The fraction of dust above 20 µm diameter is estimated from modes at 7 and 22 µm to contribute 247 

to 37% of the total emission, 12% of the load, and 2% of the AOD550, and to account for about 248 

30% of the DRE of the mode at 22 µm. The key role of particles larger than 20 µm however does 249 

not only rely on their direct contribution to the DRE, but mostly on the fact that their inclusion 250 

reduces the contribution by smaller (cooling) particles to the global dust cycle.   251 

The SW DRE is negative (cooling) for the 1, 2.5, and 7 µm modes and positive (warming) for 252 

the 22 µm mode, while the total (SW+LW) effect is negative for the 1 and 2.5 µm modes and 253 

positive for the 7 and 22 µm modes. These global values mask the sharp contrast existing between 254 

the positive SW values in the vicinity of source regions and the negative values over oceanic areas, 255 

as can be seen in Table 2 comparing TOA DRE over the Sahara desert and the Tropical Atlantic. 256 

Using the V73 CRI data results in a LW DRE of +0.42 Wm‒2, with a net SW+LW positive 257 

effect of +0.13 Wm‒2 (sum of single mode simulations). Using the mean CRI data from DB17 258 

reduces the LW DRE by almost a factor two for each mode simulation compared to V73. Varying 259 

the LW CRI between the minimum and maximum of the values indicated by DB17 also changes 260 

the sign of the net DRE from ‒0.19 to +0.08 Wm‒2 due to the variation of the DRE LW between 261 

+0.09 Wm‒2 and +0.36 Wm‒2, respectively. The CRI is therefore one of the largest source of 262 

uncertainty of the dust DRE. 263 

 264 
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Mode 1 

MMD=1µm 

NMD=0.35µm 

σ=1.8 

Mode 2 

MMD=2.5µm 

NMD=0.59µm 

σ=2 

Mode 3 

MMD=7µm 

NMD=2.03µm 

σ=1.9 

Mode 4 

MMD=22µm 

NMD=5.21µm 

σ=2.0 

Total 

% mass fraction (mi) (±1σ) for dust 

size at emission from fitting field 

observations 

0.6 (±0.1) 4.3 (±0.4) 31.5 (±1.8) 63.6 (±2.2)  

Emission rate (Tg yr‒1) 80 584 4308 8717 13689 

Emission PM2 (Tg yr‒1) 70 220 112 2 405 

Emission PM20 (Tg yr‒1) 80 584 4092 3910 8666 

Emission D>20 µm (Tg yr‒1) 0 0 216 4807 5023 

Load (Tg) 1.2 7.0 24.2 6.5 38.9 

Load PM2 (Tg) 1.0 2.7 0.6 0 4.3 

Load PM20 (Tg) 1.2 7.0 23.0 2.9 34.1 

Load D>20 µm (Tg) 0 0 1.2 3.6 4.8 

Lifetime (days) 5.4 4.4 2.0 0.3 1.0 

AOD550 0.0045 0.0105 0.0106 0.0009 0.0265 

AOD550 PM2 0.0044 0.0073 0.0019 0 0.014 

AOD550 PM20 0.0045 0.0104 0.0105 0.0006 0.026 

AOD550 D>20 µm 0 0.0001 0.0001 0.0003 0.0005 

 

Mode 1 

MMD=1µm 

NMD=0.35µm 

σ=1.8 

Mode 2 

MMD=2.5µm 

NMD=0.59µm 

σ=2 

Mode 3 

MMD=7µm 

NMD=2.03µm 

σ=1.9 

Mode 4 

MMD=22µm 

NMD=5.21µm 

σ=2.0 

Sum 

single 

modes 

Multimodal 

Direct Radiative Effect at TOA (Wm‒2), global annual mean all‒sky, mean LW CRI from DB17 

SW ‒0.09 ‒0.18 ‒0.03 +0.02 ‒0.29 ‒0.25 

LW +0.01 +0.06 +0.14 +0.02 +0.23 +0.22 

NET (SW+LW) ‒0.08 ‒0.13 +0.11 +0.04 ‒0.06 ‒0.03 

Direct Radiative Effect at TOA (Wm‒2), global annual mean all‒sky, min LW CRI from DB17 

LW +0.00 +0.02 +0.06 +0.01 +0.09 ‒ 

NET (SW+LW) ‒0.09 ‒0.16 +0.03 +0.03 ‒0.19 ‒ 

Direct Radiative Effect at TOA (Wm‒2), global annual mean all‒sky, max LW CRI from DB17 

LW +0.02 +0.11 +0.21 +0.02 +0.36 ‒ 

NET (SW+LW) ‒0.07 ‒0.07 +0.18 +0.04 +0.08 ‒ 

Direct Radiative Effect at TOA (Wm‒2), global annual mean all‒sky, CRI from V73 

LW +0.02 +0.10 +0.27 +0.03 +0.42 ‒ 

NET (SW+LW) ‒0.08 ‒0.08 +0.24 +0.05 +0.13 ‒ 

Net (SW+LW) Direct Radiative Effect at TOA (Wm‒2), annual mean all‒sky, mean LW CRI from DB17 

Northern hemisphere land ‒0.23 ‒0.24 0.63 0.18 0.33 0.39 

Northern hemisphere ocean ‒0.17 ‒0.23 ‒0.05 0.01 ‒0.44 ‒0.33 

Southern hemisphere land ‒0.02 ‒0.03 0.00 0.01 ‒0.04 ‒0.04 

Southern hemisphere ocean ‒0.01 ‒0.01 0.00 0.00 ‒0.02 ‒0.02 

Tropical Atlantic (15‒25N,15‒45W) ‒1.05 ‒2.12 ‒0.37 0.14 ‒3.40 ‒2.78 

Sahara (18‒ 35N, 18 W‒40 E) ‒0.53 0.02 3.38 0.93 3.79 3.65 

Sahel (11‒18N, 18 W ‒ 22.5 E) ‒1.26 ‒1.22 3.50 0.93 1.95 2.34 

Middle East (15‒40N, 40‒60 E) ‒0.38 ‒0.53 0.68 0.17 ‒0.05 0.07 

Eastern Asia (30‒50 N, 75‒130 E) ‒0.52 ‒0.90 0.32 0.23 ‒0.87 ‒0.44 

 270 

Table 2. Summary of results of our global simulations. We report the contribution of dust particles of different 271 

sizes and complex refractive index (CRI) to emissions, atmospheric load, lifetime, AOD550, and the shortwave 272 

(SW), longwave (LW), and net direct radiative effect (DRE). 273 

 274 



 

 

4. Discussion: towards an observationally‒constrained dust DRE 275 

Figure 2 summarizes recent developments resulting from applying observational constraints 276 

to dust global models including size and optical properties. The inclusion of the coarse mode up 277 

to 20 µm in Kok17 and its further extension in the present study leads to a progressive reduction 278 

of the SW cooling when compared to the AEROCOM (Aerosol Comparisons between 279 

Observations and Models, Huneeus et al., 2011) estimate for PM10 dust (‒0.65 Wm‒2 median value 280 

in AEROCOM models, ‒0.49 Wm‒2 in Kok17, ‒0.25 Wm‒2 in the present study). 281 

We assume for the first time a LW CRI constrained by laboratory measurements, and we also 282 

account for the strong scattering effect of dust in the same spectral range. Our estimated dust LW 283 

DRE of +0.22 Wm‒2 is in between the AEROCOM median estimate of +0.15 Wm‒2 and the +0.29 284 

Wm‒2 published by Kok17. The LW DRE represents on average between 23 and 59% of the SW 285 

perturbation at TOA from past literature. Here, the LW contribution amounts to 88% of the SW 286 

term at TOA. 287 

The reduction of SW cooling and the increase of the LW/SW ratio also result in a progressive 288 

reduction of the net DRE from the strong negative values of AEROCOM (‒0.50 Wm‒2) to our 289 

estimate of ‒0.03 Wm‒2. However, we stress that because net TOA DRE is geographically varying 290 

and can have opposing sign, this can hide large impacts with potentially relevant implications for 291 

regional climate (Albani and Mahowald, 2019). In analogy with their study, we report an absolute 292 

value of net TOA DRE (global annual average) of 0.32 Wm‒2. 293 

 294 

 295 
 b 296 

Figure 2. Top‒of‒the‒atmosphere global annual mean all‒sky shortwave (SW), longwave (LW), and net dust 297 

direct radiative effect as obtained in AEROCOM models, in Kok et al. (2017) and in this study. AEROCOM 298 

estimate is from Figure 4 in Kok et al. (2017). The inserts detail main assumptions including the used complex 299 

refractive index (CRI) data (OPAC is Optical properties of Aerosols and Clouds, Hess et al., 1998), if the LW 300 

scattering correction is applied and its percentage of the TOA LW DRE. 301 



 

 

5. Conclusions 302 

Our model simulations indicate that the global net DRE of dust is close to zero, due to 303 

almost opposing SW (cooling) and LW (warming) effects. This global value is also the result of 304 

the sum of a positive effect over land, in particular over the Sahara, and a negative effect over 305 

oceans.  306 

We find that accounting for dust beyond 20 µm diameter reduces the SW cooling compared 307 

to previous studies, while the LW DRE remains in the range of previous estimates due to the 308 

compensating effects of updating size, LW CRI and scattering. Based on our sensitivity 309 

calculations we stress the importance of including regional differences in the CRI and a more 310 

realistic representation of the dust size distribution and LW scattering both in global and regional 311 

models since they affect the magnitude and sign of the dust DRE. Also, we highlight the necessity 312 

for more field measurements to better constrain the emitted dust size distribution at D ≥ 20 µm. 313 

Our results suggest that current climate models might significantly overestimate the dust 314 

global cooling effect, thus also biasing estimates of the total aerosol radiative perturbation. 315 

Although it remains an open question whether global dust loading will increase or decrease in the 316 

future, our study indicates that the spatial variability of dust net DRE could be more complex than 317 

previously thought in driving global feedbacks, with a potentially important role of dust DRE on 318 

regional climate. 319 

 320 
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