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Key Points:

e New global dust simulations including particles >20 um, refractive index representative of
world sources, and longwave scattering correction

e The global dust longwave effect remains within published values while the shortwave one
is reduced due to the inclusion of coarse particles

e Varying the longwave refractive index within its documented range of variability modifies
the sign of the net global dust direct effect
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Abstract

We revise the direct radiative effect (DRE) of mineral dust aerosols in the shortwave (SW) and
longwave (LW) based on global model simulations that include coarse dust particles (> 20 um)
and a new LW complex refractive index (CRI) dataset representative of major global sources.
Simulations are constrained against observed dust size distributions and optical depth. Scattering
of LW radiation is accounted for in the analysis. The extension of the dust size beyond 20 um
causes a reduction in the SW DRE compared to current model estimates, while the LW DRE
remains within published values due to compensating effects between changing size distribution,
CRI and accounting for dust scattering. The dust direct radiative effect efficiency from model
simulations reproduces well field observations close to sources and after transport. The global
mean net effect of dust is —0.03 Wm™2 as a result of cooling over oceans and warming over land.

1. Introduction

Whether desert dust aerosols warm or cool the planet by their direct radiative effect is still a
matter of debate (Boucher et al., 2013; Kok et al., 2017, hereafter Kok17). Dust particles of
diameter (D) smaller than 2 um mostly cool our planet because scattering of SW radiation
dominates spectral absorption, while larger particles tend to cause warming by absorption of both
SW and LW radiation (Liao and Seinfeld, 1998; Miller et al., 2004. Mahowald et al., 2014).

Currently, global and regional models suffer from important deficiencies that introduce biases
in the estimated total dust DRE. These are:

1.  Dust size distribution is often limited to a maximum diameter of typically 10 or 20 um in
both regional and global models (Huneeus et al., 2011; Kok17), neglecting the coarsest
particles which could contribute to positive DRE for both SW and LW radiation.
Furthermore recent field observations suggest that particles larger than 20 um are present in
significant mass concentrations in the atmosphere (Ryder et al., 2013a, 2018, 2019; Weinzerl
etal., 2017; van der Does et al., 2018).

2. Modelled dust mass concentrations are usually under—estimated in models for particles with
D>5 um and over—estimated for D<2 pm compared to observations (Kok, 2011; Kok17;
Ryder et al., 2019). Kok17 uses constraints on the size-dependency of the dust emissions to
fit field observations, which results in an average contribution of 4.3% for diameters smaller
than 2 um, significantly lower than the 5-35% range in other models.

3. Thevariability in the dust complex refractive index at both SW and LW wavelengths, caused
by regional differences in the particle mineralogy (Sokolik and Toon, 1999), is not accounted
for in models. Global models commonly use the CRI of dust aerosols collected at Barbados
after being transported from the Sahara by Volz (1973) (hereafter V73) at LW wavelengths,
whereas different CRI datasets (Patterson et al., 1977; Shettle and Fenn, 1979; d’ Almeida et
al., 1991) are used in the SW. Recent laboratory measurements of dust samples collected
over many different deserts suggest that the imaginary part of the SW and LW CRI as
assumed in models are upper bound values that can lead to a strong overestimate of the dust
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spectral absorption and biases in DRE (Di Biagio et al., 2017, hereafter DB17; Di Biagio et
al., 2019).

4.  Most global and regional models do not include LW scattering in their radiative scheme.
However, the contribution of scattering is relevant as it could increase the LW DRE at the
Top—of—the—Atmosphere (TOA) by 50% (Dufresne et al., 2002; Sicard et al., 2014; Osipov
et al., 2015). Up to now only two studies (Miller et al., 2006; Kok17) try to account for
missing LW scattering by artificially augmenting the retrieved TOA DRE by 23%.
Nonetheless, this correction represents only about half of the value inferred by Dufresne et
al. (2002), Sicard et al. (2014), and Osipov et al. (2015).

5.  Dust particles are usually assumed as spherical in models. While this simplification may
considerably impact the extinction efficiency (Qext) and AOD calculations (Dubovik et al.,
2006; Kok17, Potenza et al., 2016), it was demonstrated to have only a limited influence on
the TOA DRE (considering a more realistic phase function results in less than 5% and 10%
difference compared to spherical dust in the SW and LW ranges, Bellouin et al., 2004;
Colarco et al., 2014; however, a larger effect might be expected if a Bidirectional Reflectance
Distribution Function, BRDF, surface albedo is assumed in models, Osipov et al., 2015).

In this study we present a novel evaluation of the global DRE by mineral dust aerosols and
its SW and LW components based on new global model simulations. We constrain the size
distribution of dust in the source regions and its AOD at 550 nm (AODsso) in our simulations based
on field observations, incorporating dust sizes beyond 20 um diameter. We correct the dust DRE
for accounting the LW scattering effect following Dufresne et al. (2002). For the first time in global
simulations we take into account regional variations of the LW CRI, as documented in DB17, to
estimate the dust spectral optical properties. In the present study we assume that dust particles are
spherical.

We compare simulated dust SW and LW direct radiative effect efficiency (DREE) with
available observations (including space—borne sensors) over Northern Africa, Asia, the Atlantic
Ocean, and the Mediterranean basin.

2. Method

Global aerosol simulations are performed with the LMDZOR—-INCA model (Schulz, 2007;
Balkanski et al., 2010) which couples interactively the LMDZ (Laboratoire de Météorologie
Dynamique) atmospheric General Circulation Model, the ORCHIDEE land surface model and the
INCA (INteraction with Chemistry and Aerosols) aerosol module. The radiative transfer module
includes a six—band (0.185-4.0 um) version of the Fouquart and Bonnel (1980) scheme in the SW
and the RRTMG (Rapid Radiative Transfer Model for Global Circulation Models) radiative
scheme in sixteen bands between 3.33 and 1000 pum.

2.1 Constraining the size distribution of dust aerosols

A superposition of lognormal modes is used to represent the aerosol size distribution in
LMDZOR-INCA (Schulz, 2007). Each mode is described by two variables: a Mass Median
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Diameter (MMD) and a geometric standard deviation (6). The MMD in each mode varies during
the simulation in order to account for all processes that increase or deplete the aerosol atmospheric
concentration. In contrast, the width of the size distribution (measured by o) is kept constant. The
shape of the dust size distribution at emission is constrained by fitting the dataset recently used by
Kok17 (Fig. 1a), but augmented to include missing particles larger than 20 um with airborne
measurements taken during the FENNEC campaign in Western Sahara for airborne dust less than
12 hours after emission (Ryder et al., 2013a, 2013b) (Fig. 1b). FENNEC is the only campaign that
measured the dust size distribution up to 150 um in diameter very close to source areas. We fit the
extended size distribution with four lognormal modes with respective MMD equal to 1 pm (6=1.8),
2.5 um (6=2), 7 um (6=1.9), and 22 um (c=2). The relative mass contribution (m;) by each mode
to the total emitted size, retrieved by fitting the ensemble of the observational dataset, is 0.6%
(£0.1%), 4.3% (£0.4%), 31.5% (£1.8%) and 63.6% (£2.2%) for modes at 1, 2.5, 7, and 22 um
MMD, respectively (Fig. 1b). The ratio of the PM2 (D <2 um) to PM2o (D <20 um) emitted mass
is 4.7%, within the 3.5-5.7% range indicated by Kok17.

The average size distribution of atmospheric dust is in agreement with in situ and remote
sensing field observations taken after few days of transport in Northern Africa, the Mediterranean,
and across the Atlantic Ocean (Fig. 1c). The model captures well the coarse component of the dust
size as measured in the field but does not represent the peaks in volume distribution below about
0.5 um shown in field data, which are documented to consist of fine anthropogenic particles mixed
in the dust plume (Chou et al., 2008; Kandler et al., 2011).

The size-resolved dust load in our model also agrees with new field observations indicating
that, after few days of transport at Cape Verde, dust particles larger than 5 um (20 um) account for
60% (0-12%) of the mass (Ryder et al., 2019). Our model data extracted over the same area and
time period show 63% and 11.5% of the mass for D > 5 pum and D > 20 pm, respectively.

2.2 Constraining the spectral CRI of dust

To further constrain simulations we use a novel observational dataset of regionally—averaged
LW CRI published by DB17 for nineteen natural dust aerosol samples collected in arid and semi—
arid regions of the world (Africa, Asia, America, Australia). These nineteen samples were selected
from a much larger assemblage to represent the global variability of the dust content of LW—active
minerals (clays, quartz, and calcite), and therefore of LW CRI. Published radiative closure studies
based on aircraft radiation data (Meloni et al., 2018; Granados—Mufioz et al., 2019) and satellite
radiance observations (Liuzzi et al., 2017; Banks et al., 2018; Song et al., 2018) confirm the
improved capability of the DB17 dataset to represent the regional variations in the dust LW DRE
compared to the V73 CRI.
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Figure 1. Volume size distributions dV/dlogD and longwave optical properties of the dust aerosols. a Size
distribution of the emitted dust reported by Kok17 (Kok et al., 2017) obtained by fitting the reported dataset
ensemble. b Size distribution of the emitted dust retrieved in this study. Similar to panel a, the distribution is
obtained by fitting the Kok17 dataset ensemble but also includes the FENNEC dataset that represents fresh
dust (<12 h from emission). The contribution by the four different modes to our fitted size is shown. c.
Globally—averaged atmospheric dust size distribution obtained from model simulations in this study (weighted
by the global mass load of each mode) and in Kok17. Field data from campaigns in Northern Africa (blue
lines), the Mediterranean (cyan lines), eastern Atlantic Ocean (green lines) and Western Atlantic Ocean (pink
lines) are shown for comparison. Retrieved dust size from AERONET is also reported. All size data in panels
a—c, including the scattering data and the fitting lines from Kok17, are normalized to 1 at the maximum of the
volume distribution. d—e Longwave real and imaginary parts of the CRI from V73 (Volz, 1973) and DB17 (Di
Biagio et al., 2017). The black line represents the average spectral values from DB17, while the shaded grey
area envelopes the minimum and the maximum of the DB17 dataset representing the CRI regional variability.
f Spectral absorption (Qabs) and extinction (Qex) efficiencies estimated from Mie calculations for a particle of
D =10 um and V73 and DB17 CRI.
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In the present study, the base model simulations use the mean wavelength—dependent LW
CRI values by DB17. The minimum and maximum of the imaginary part from DB17 (and
associated real parts from Kramers—Kronig relationships) serve to represent the envelope of the
regional variations in CRI. Figure 1d-f illustrates the important finding that the imaginary parts
of the CRI from DB17 is lower than reported by V73, resulting in a lower absorption over most of
the spectrum. Figure 1f also illustrates the relative importance of scattering versus absorption at
longwave wavelengths, i.e. Qaps is only a fraction of Qext,.

In the SW range we employ the spectral CRI from Balkanski et al. (2007) computed assuming
that dust contains an average 1.5% of hematite by volume. This assumption corresponds to 1.52—
0.0017i at 550 nm and proved to produce good agreement of the simulated SW TOA DRE and
satellite observations (Balkanski et al., 2007). This SW CRI falls at the mean of the values recently
reported by Di Biagio et al. (2019) for dust from major global sources.

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

The total emission flux (Ewt) is 13689 Tg yr in our simulations, amounting to 5023 Tg yr!
for D>20 pm and 8666 Tg yr ! for D <20 pm, a value that is at the upper bound of the emission
flux range obtained by Escribano et al. (2017) through a source inversion approach. The Eiot is
partitioned between the four modes following their mass percent contribution to the emitted size,
resulting in E1=80, E»5=584, E;=4308, and E»»=8717 Tg yr !, respectively. We set the Er value
in order to have a resulting global and annual mean dust AODsso within the range from recent
synthesis of observations (0.030 £ 0.005) (Ridley et al., 2016) and at the same time both the PM1o
(D <10 um) and PM2o dust loads the closest as possible to the reported range by Kok17 (13-29
Tg and 14-33 Tg, respectively). The dust AODsso in our simulations is 0.026 for a total load of
38.9 Tg, of which 26 Tg for PM1o and 34.1 Tg for PMao.

2.4 Global simulations and DRE estimate

We run the model separately for each of the four size modes and for the multimodal size
distribution. Emission is set at E1, E25, E7, and E2. for single-mode simulations and at Eot for the
combined multimodal run. We repeat single—mode simulations by assuming different LW CRI
datasets (mean, min, max from DB17 and V73). For the multimodal simulation we assume the
mean LW CRI from DB17 only. A reference simulation with no dust aerosols is performed.

The SW and LW DRE at the TOA and at the surface are calculated for clear— and all-sky
conditions as the difference in shortwave and longwave radiative fluxes with and without dust.
The dust feedbacks on climate are not activated in our simulations, i.e. dust is a passive tracer, and
the perturbation to radiative fluxes from dust is only diagnostic.

The dust AODsso and the DRE are averaged spatially (globally or over specific regions) and
temporally (annually or monthly/seasonally) for the evaluation of the global and annual averages
and for comparison with satellite and field observations. The SW and LW DREE is calculated as
the ratio of the DRE to AODssp.
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As longwave scattering by dust is not accounted for in the model radiative scheme, we
correct the LW DRE assuming a multiplicative factor of 2.04 (x£0.18) (unitless) at TOA and 1.18
(x0.01) at the surface based on Dufresne et al. (2002). This corresponds to 51% contribution of
scattering to the LW DRE at TOA and 15% at the surface. Note that this correction, estimated for
dust of D < 10 um, might be a lower approximation of the LW scattering by coarse dust.

The uncertainty on the dust DRE and DREE arises from a combination of uncertainties in
the: (i) emissions, representation of the size distribution of dust and its spatio—temporal variability
(i.e., transport and deposition processes in model), which can be expressed as a single uncertainty
of the model skill to simulate the dust AODsso; (ii) dust vertical profile; (iii) refractive index
assumptions and its global variability; (iv) dust shape assumptions; (v) treatment of aerosol—
radiation interactions; and (vi) host model uncertainties. The overall uncertainty on the dust DRE
is calculated by adding in quadrature all listed uncertainties in the assumption that error sources
are independent. The resulting relative uncertainty on the global annual mean TOA DRE (DREE)
is estimated to be 85% (88%) in the SW and 69% (72%) in the LW as 90% confidence intervals
(CI). More details are provided in the Supplementary Information.

3. Results
3.1 Model-observations comparison of the dust radiative effect efficiency

Table 1 shows the comparison of our model estimates of the clear—sky SW and LW DREE
with those reported by field studies based on satellite and ground—based observations. Comparing
the DREE allows eliminating differences due to the variable regional load, optically represented
by the AODssg. Observations correspond to monthly and seasonal averages in different regions
close to African and Asian sources and along the transport pathway straddling along the Atlantic
Ocean and the Mediterranean.

The DREE values from model simulations are in good agreement with observations in the LW.
Using the CRI by DB17 allows reproducing observations within the uncertainty range, both close
to the sources and remotely. Results for the V73 CRI are most of the time at the upper bound of
field retrieved DREE intervals. Several field studies considered for comparison make use of a
certain degree of modelling to derive the dust DREE. Our model results for DREE LW are in best
agreement with those providing observational-only estimates.

The DREE comparison is generally worse in the SW, but a very good agreement is obtained
over the Tropical Atlantic. Differences in the SW range may arise from the different spectral
coverage between the observational products and the model, and also the different methods applied
for DREE retrieval and averaging (see Supplementary Information).

Note that the total DREE computed by adding up the DRE from single mode simulations is up
to 30% (SW) and 7% (LW) lower in absolute value than obtained from the multimodal run.



Shortwave spectral range

_ DREE model (Wm™)
. Temporal DREE field
Geographical zone . Platform Level S CRI=B07 CRI=B07
interval (Wm™)
SIZE=SM SIZE= MM
Sahara desert Satellite and
(15°-30°N, 10°W- 30°E) A model® ToA -0 116 105
Tropical Atlantic . TOA -35 -31.6 -28.0
JIA Satellite®
(15-25N, 15-45W) surface —65 —62.6 -58.3
Tropical Atlantic .
JIA Satellite® TOA -28 -35.9 -32.7
(10-30N, 20-45W) atetiite
Atlantic Ocean fved]
(0-30N, 10-60W) JIA Satellite TOA —42 to 54 -23.7 -21.6
Mediterranean basin ¢ |surface —68.8 -68.0 —65.8
(35.5N, 12.6E) Sept Ground-based™™ =0 455 355 336
(39ET(?1E) AMJ Ground-based? | surface 60 446 343
Longwave spectral range
) DREE model (Wm™)
Geographical zone Temporal Platform Level DREE field CRI=DB17 CRI=DB17 CRI= V73
grap interval (Wm?) - - -
SIZE=SM SIZE= MM SIZE=SM
North Africa o
A Ilitet TOA 15-22 14, 14.1 27.1
(15-35N, 18W-40E) o satellite © > o
West Africa Satellite"
(16-28N, 16-4W) JIA TOA 1620 15.2 14.3 26.9
Niger—Chad Satellite"
(15-20N, 15.22E) JA TOA 16-21 165 159 30.0
Sudan Satellite"
(15-22N, 22-36E) JIA TOA 19-23 14.4 14.1 27.4
Egypt-—Israel Satellite"
A TOA 1-2 14, 14, 27.4
(23-32N, 23-35E) J © 7 0 0
North Libya Satellite"
(27-33N, 15-25E) JIA TOA 11-25 134 12,9 24.6
South Libya Satellite"
(23-27N,15-25 E) JJA TOA 11-22 14.3 14.0 26.9
Sahara desert -
(15-30N, 10W- 30E) JJIA Satellite’ TOA 1126 15.9 15.1 27.9
Tropical Atlantic JA Satellite® TOA 8.5 8.8 8.7 16.8
(10-30N, 20-45W) : : : :
Atlantic Ocean fd]
(0-30N, 10-60W) JJIA Satellite TOA 2.6-114 10.7 10.3 19.9
Cape Verde Sent Ground-based and | TOA 13 9.3 8.9 17.2
(16.7N, 22.9W) P model* surface 16 15.6 14.6 25.4
i TOA 1721 9.3 7.7 16.1
China (39N, 101E) AMJ Ground-based?
surface 31-35 20.5 16.0 349

225 2 Patadia et al. (2009); ® Li et al. (2004) ; © Song et al. (2018) ; ¢ Christopher and Jones (2007) ; ¢ di Sarra et al. (2008); " Di Biagio et al. (2010);
226 9 Hansell et al. (2012); " Zhang and Christopher (2003); ' Brindley and Russel (2009); | Yang et al. (2009); ¥ Hansell et al. (2010)

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

229

230 Table 1. Model-observations comparison of the shortwave and longwave dust clear—sky direct radiative effect
231 efficiency (DREE) at the surface and the Top—of-the—Atmosphere (TOA) for different size assumptions and
232 complex refractive index (CRI) data. We indicate in blue the studies that do not rely on modelling to derive the
233 DREE.
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3.2 Dust global DRE: role of coarse particles and sensitivity to the refractive index

Table 2 summarizes the contribution of dust particles of different sizes and CRI to the various
processes and variables in our simulations. The global annual mean all-sky DRE of mineral dust
at TOA is —0.25 W m (-0.04 to —0.46 W m~2, 90% CI) for the SW and +0.22 W m (+0.07 to
+0.37 W m2, 90% CI) for the LW as obtained for the multimodal simulation. The net TOA DRE
is —0.03 W m2, which corresponds to —0.29 to +0.23 Wm™2 within 90% CI. The value of the net
TOA DRE is given by the sum of a positive effect over land and a negative effect over oceans,
particularly over the Northern Hemisphere where most of the dust is found.

The modes at 1 and 2.5 um account for a tiny fraction of emission (less than 5%) but are
responsible for 21% of the dust load, 57% of AODsso and most of the SW cooling. The opposite
is true for the mode at 22 um that represents 64% of emission but only 17% of load, 3% of AODsso
and has a lower but not negligible contribution to both SW and LW DRE. In contrast, the mode at
7 um amounts to 32% of emission, 60% of load, 40% of AODsso and more than 60% of DRE LW.
The fraction of dust above 20 um diameter is estimated from modes at 7 and 22 um to contribute
to 37% of the total emission, 12% of the load, and 2% of the AODsso, and to account for about
30% of the DRE of the mode at 22 um. The key role of particles larger than 20 um however does
not only rely on their direct contribution to the DRE, but mostly on the fact that their inclusion
reduces the contribution by smaller (cooling) particles to the global dust cycle.

The SW DRE is negative (cooling) for the 1, 2.5, and 7 um modes and positive (warming) for
the 22 um mode, while the total (SW+LW) effect is negative for the 1 and 2.5 pm modes and
positive for the 7 and 22 um modes. These global values mask the sharp contrast existing between
the positive SW values in the vicinity of source regions and the negative values over oceanic areas,
as can be seen in Table 2 comparing TOA DRE over the Sahara desert and the Tropical Atlantic.

Using the V73 CRI data results in a LW DRE of +0.42 Wm™, with a net SW+LW positive
effect of +0.13 Wm™ (sum of single mode simulations). Using the mean CRI data from DB17
reduces the LW DRE by almost a factor two for each mode simulation compared to VV73. Varying
the LW CRI between the minimum and maximum of the values indicated by DB17 also changes
the sign of the net DRE from —0.19 to +0.08 Wm~2 due to the variation of the DRE LW between
+0.09 Wm and +0.36 Wm, respectively. The CRI is therefore one of the largest source of
uncertainty of the dust DRE.



Mode 1 Mode 2 Mode 3 Mode 4
MMD=1pum MMD=2.5um MMD=7um MMD=22pum Total
NMD=0.35pum | NMD=0.59um NMD=2.03pum NMD=5.21um
0=1.8 6=2 0=1.9 6=2.0
% mass fraction (mi) (+1o) for dust
size at emission from fitting field 0.6 (x0.1) 4.3 (x0.4) 31.5 (+1.8) 63.6 (£2.2)
observations
Emission rate (Tg yr?) 80 584 4308 8717 13689
Emission PM2 (Tg yr?) 70 220 112 2 405
Emission PM2o (Tg yr?) 80 584 4092 3910 8666
Emission D>20 um (Tg yr?) 0 0 216 4807 5023
Load (Tg) 1.2 7.0 24.2 6.5 38.9
Load PM: (Tg) 1.0 2.7 0.6 0 4.3
Load PMzo (Tg) 1.2 7.0 23.0 2.9 34.1
Load D>20 pum (Tg) 0 0 1.2 3.6 4.8
Lifetime (days) 5.4 4.4 2.0 0.3 1.0
AODss0 0.0045 0.0105 0.0106 0.0009 0.0265
AODss0 PM2 0.0044 0.0073 0.0019 0 0.014
AODss0 PM2o 0.0045 0.0104 0.0105 0.0006 0.026
AODss0 D>20 pm 0 0.0001 0.0001 0.0003 0.0005
Mode 1 Mode 2 Mode 3 Mode 4 sum
MMD=1pm MMD=2.5um MMD=7pm MMD=22um ; .
NMD=0.35um | NMD=0.59um NMD=2.03um NMD=5.21ym | Single | Multimodal
0=18 =2 o=1.9 0=2.0 modes
Direct Radiative Effect at TOA (Wm~?), global annual mean all-sky, mean LW CRI from DB17
SwW -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
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Table 2. Summary of results of our global simulations. We report the contribution of dust particles of different
sizes and complex refractive index (CRI) to emissions, atmospheric load, lifetime, AODsso, and the shortwave
(SW), longwave (LW), and net direct radiative effect (DRE).
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4. Discussion: towards an observationally—constrained dust DRE

Figure 2 summarizes recent developments resulting from applying observational constraints
to dust global models including size and optical properties. The inclusion of the coarse mode up
to 20 um in Kok17 and its further extension in the present study leads to a progressive reduction
of the SW cooling when compared to the AEROCOM (Aerosol Comparisons between
Observations and Models, Huneeus et al., 2011) estimate for PM1o dust (-0.65 Wm™2 median value
in AEROCOM models, —0.49 Wm2 in Kok17, —-0.25 Wm™2 in the present study).

We assume for the first time a LW CRI constrained by laboratory measurements, and we also
account for the strong scattering effect of dust in the same spectral range. Our estimated dust LW
DRE of +0.22 WmZis in between the AEROCOM median estimate of +0.15 Wm=2and the +0.29
Wm published by Kok17. The LW DRE represents on average between 23 and 59% of the SW
perturbation at TOA from past literature. Here, the LW contribution amounts to 88% of the SW
term at TOA.

The reduction of SW cooling and the increase of the LW/SW ratio also result in a progressive
reduction of the net DRE from the strong negative values of AEROCOM (-0.50 Wm™) to our
estimate of —0.03 Wm™2. However, we stress that because net TOA DRE is geographically varying
and can have opposing sign, this can hide large impacts with potentially relevant implications for
regional climate (Albani and Mahowald, 2019). In analogy with their study, we report an absolute
value of net TOA DRE (global annual average) of 0.32 Wm™.

AEROCOM

Kok et al. (2017) This study

o
N

o

o
i

— Y
—

[ INet (SW+LW)

o
o

Diameters <20 pym ! Including Diameters > 20 ym |
Nen-spherical | Spherical

LW CRI by V73 or OPAC , LW CRI by DB17 b
LW scattering (23% LW DRE) 1 LW scattering (51% LW DRE)}H

Diameters <10 ym
Spherical

LW CRI by V73 or OPAC
No LW scattering

LW/SW =-0.23 LW/SW = -0.59 LW/SW = -0.88

Direct Radiative Effect of dust
at the Top-of-the-Atmosphere (Wm-?)

1
—_
N

Figure 2. Top—of~the—atmosphere global annual mean all-sky shortwave (SW), longwave (LW), and net dust
direct radiative effect as obtained in AEROCOM models, in Kok et al. (2017) and in this study. AEROCOM
estimate is from Figure 4 in Kok et al. (2017). The inserts detail main assumptions including the used complex
refractive index (CRI) data (OPAC is Optical properties of Aerosols and Clouds, Hess et al., 1998), if the LW
scattering correction is applied and its percentage of the TOA LW DRE.
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5. Conclusions

Our model simulations indicate that the global net DRE of dust is close to zero, due to
almost opposing SW (cooling) and LW (warming) effects. This global value is also the result of
the sum of a positive effect over land, in particular over the Sahara, and a negative effect over
oceans.

We find that accounting for dust beyond 20 um diameter reduces the SW cooling compared
to previous studies, while the LW DRE remains in the range of previous estimates due to the
compensating effects of updating size, LW CRI and scattering. Based on our sensitivity
calculations we stress the importance of including regional differences in the CRI and a more
realistic representation of the dust size distribution and LW scattering both in global and regional
models since they affect the magnitude and sign of the dust DRE. Also, we highlight the necessity
for more field measurements to better constrain the emitted dust size distribution at D > 20 pum.

Our results suggest that current climate models might significantly overestimate the dust
global cooling effect, thus also biasing estimates of the total aerosol radiative perturbation.
Although it remains an open question whether global dust loading will increase or decrease in the
future, our study indicates that the spatial variability of dust net DRE could be more complex than
previously thought in driving global feedbacks, with a potentially important role of dust DRE on
regional climate.
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