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Table S- 1: Single-Scattering albedo (SSA) measurements compiled from the literature, including information about the representative
locations, heights, dates, diameter ranges, and wavelengths. It also contains information about the method used to obtain the SSA and

the diameter types (last column).
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*M1: PSAP (Radiance Research Inc.) measured bulk absorption at one wavelength (0.567 um), and nephelometer (model 3563, TSI Inc.) measured bulk scattering at three
wavelengths (0.45, 0.55, and 0.70 um); by combing SSA was obtained at 0.55 um.

*M1.5: PSAP (Radiance Research Inc.) measured bulk absorption at three wavelengths (0.47, 0.532, and 0.66 um), and nephelometer (model 3563, TSI Inc.) measured bulk scattering
at three wavelengths (0.45, 0.55, and 0.70 um); by combing SSA was obtained at 0.55 um.

*M2: PSAP (Radiance Research Inc.) measured bulk absorption at one wavelength (0.537 um), MAAP (Thermo Fisher Inc.) measured bulk absorption at one wavelength (0.637
um), and nephelometer (model 3563, TSI Inc.) measured bulk scattering at three wavelengths (0.45, 0.55, and 0.70 um); by combing SSA was obtained at 0.537 and 0.637 um.
*M3: Aethalometer (model AE31, Magee Sci.) measured bulk absorption at seven wavelengths (0.37, 0.47, 0.52, 0.59, 0.66, 0.88, and 0.95 um) and nephelometer (model 3596, TSI
Inc.) measured bulk scattering at three wavelengths (0.45, 0.55, and 0.70 um); by combing them, SSA was obtained at the seven wavelengths (0.37, 0.47, 0.52, 0.59, 0.66, 0.88, and
0.95 um), in which SSA at 0.37, 0.88 and 0.95 um comes from extrapolation.

*M4: Light extinction monitor (model CAPS-PMex, Aerodyne Research) measured bulk extinction at one wavelength (0.53 um), and nephelometer (model 3563, TSI Inc.) measured
bulk scattering at three wavelengths (0.45, 0.55, and 0.70 um); by combing them, SSA was obtained at 0.53 um.

*M4.5: Light extinction monitor (model CAPS-PMex, Aerodyne Research) measured bulk extinction at one wavelength (0.53 um), nephelometer (model 3563, TSI Inc.) measured
bulk scattering at three wavelengths (0.45, 0.55, and 0.635 um), and PSAP measured bulk absorption at three wavelengths (0.467, 0.52, and 0.66 um); by combing them, SSA was
obtained at 0.44, 0.55, and 0.66 um.

*MS5.0: SOAP (Spectral Optical Absorption Photometer) is configured such that particles are collected on a fiber filter (Pallflex E70/2075W) after passing through an inlet, and
which measurement of transmittance and reflectance is done by an optical spectrometer (Control Development Inc., CDI2DMPP-UV-VIS) before it is pumped out of the chamber.
The transmittance and reflectance are used to calculate the spectral absorption and scattering coefficients.




Table S- 2: The dust complex refractive indices for selected and AeroCom models. The information for the selected models can be found
in the highlighted references, while information on the AeroCom models is obtained directly from the website:
https://wiki.met.no/aerocom/optical_properties (last assessed: 1 October 2020, see also Sand et al.’3).
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Figure S- 1: Schematics illustrating the methodology used to constrain dust absorption
optical depth (Blue box). Boxes in orange are other observationally informed constraints
or estimates obtained in this study, while boxes in green are observationally informed

constraints previously published in other studies. Boxes in grey are measurements used as
part of this study.
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Figure S- 2: The bias in dust single-scattering albedo (SSA) estimates. (a) The normalized
dust SSA bias (%) for this study (pink bars), an ensemble of selected models (dark grey
bars), and AeroCom models (dark green bars) compared for the same diameter and height
range against the in-situ SSA measurements (see Table S-1). (b) The dust SSA root-mean-

square error for the Sahara, the Sahel, and all of North Africa relative to the in-situ
measurements.
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Figure S- 3: Joint probability distribution between (left) averaged single-scattering albedo
and dust imaginary refractive index for North African dust at 550 nm wavelength, and
(right) averaged single-scattering albedo and dust real refractive index for North African
dust at 550 nm wavelength.
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Figure S- 4: Same as Figure 3f, but for individual dust-dominated AERONET stations
identified by red star
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Figure S- 5: AERONET retrievals over dust-dominated North African locations exhibit
consistent differences with observational constraints on AAOD, size distribution, and
refractive index, regardless of the Angstrom exponent value used. The sensitivity analysis
is conducted for Angstrom exponent (AE) values of 1, 0.5, 0.2, and 0.1. (a) Same as the
total AAOD in Figure 3f, (b) Same as the imaginary refractive index in Figure 2c, (c) the
real part of the refractive index in (b) above, (d) the same as the normalized size
distribution in Figure 4c, and (e) the percentage difference between the AERONET-
retrieved size distribution for other AE values and to the size distribution for AE=1.
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Figure S- 6: The upper and middle panels are the percentage contribution (%) of dust
aerosols to the total aerosol extinction and total surface mass concentration, respectively.
The lower panel shows the contribution of sea-salt aerosols to the total surface mass
concentration. All datasets are obtained from MERRA-2 reanalysis.
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Length L = Width W = Height H

Figure S- 7: A schematic of the three dimensions of an aspherical dust particle. To estimate
the dust optical properties, the shape is represented as an ellipsoid with a defined length,
width, and height. See section S-4 for details.
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Figure S- 8: Similar to Fig. 3f but for AERONET Level-1.5, Level-2.0, and combined, as
described in the Methods.
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Supplementary Text

Section S-1: In-Situ Dust single-scattering Albedo Measurements

We compiled direct measurements of dust single-scattering albedo taken during major
field campaigns over North Africa (see Table S-1). These campaigns span between 2000
and 2016 and include the SaHAran Dust Experiment (SHADE; '), Dust And Biomass
burning Experiment (DABEX; 2), Dust Outflow and Deposition to the Ocean project
(DODO; 3), Saharan Mineral Dust Experiments (SAMUM; #3%), African Monsoon
Multidisciplinary Analysis project (AMMA), NASA AMMA (NAMMA,; 63),
Geostationary Earth Radiation Budget Intercomparisons of Long-wave and Shortwave
radiation experiment (GERBILS; 7), Fennec 2011 °, Aerosol Direct Radiative Impact on
the regional climate in the MEDiterranean region (ADRIMED; '), AERosol Properties —
Dust (AER-D; 1), and Dynamics-Aerosol-Chemistry-Clouds Interactions in West Africa
(DACCIWA; 12).

While most of the reported measurements were taken on board aircraft, only the SAMUM
measurement used ground-based instruments +**. For most of these campaigns, the
scattering coefficients were measured by the nephelometer, and the absorption coefficients
were measured by the Particle Soot Absorption Photometer (PSAP; Table S-1). Other
instruments used include the Aethalometer, which measures bulk absorption, and the light
extinction monitor, which measures bulk extinction. Both the nephelometer and the PSAP
are usually mounted inside the aircraft cabin behind the aircraft inlet. Furthermore, four
major aircraft inlets were used in front of the nephelometer and the PSAP. These include
(1) the Rosemount inlet with a 50% transmission efficiency at around 3 pm in optical
diameter (Figure S1 of Ryder et al. !!; (2) the AVIRAD inlet with a 50% transmission
efficiency at 12 pum in optical diameter (Table 2 & Figure S2 in Denjean et al.!?); (3) the
Community aerosol inlet %2 with a 50% transmission efficiency at 5 um in optical
diameter (Table 2 & Figure S2 in Denjean et al.'?); (4) the low turbulent inlet 3¢ with a
50% transmission efficiency at around 12 um in aerodynamic diameter. Due to the particle
loss and enhancement processes (including diffusive loss, gravimetric loss, inertial loss,
electrophoretic loss, and thermophoretic loss)’, coarse-sized dust aerosols can barely enter
the nephelometer and the PSAP, and most aircraft studies using the nephelometer and the
PSAP only measured dust single-scattering albedo (SSA) in the accumulation mode.
Nevertheless, our measurement compilation also includes studies and other instruments
with larger inlets that accommodate coarser-sized dust particles than measured by PSAP
alone (up to approximately 9 um; see Table S-1).

We used only reported SSA estimates with direct measurements of dust bulk scattering
and absorption coefficients at one or multiple wavelengths. This contrasts with indirect
SSA estimates, which, although these may use the measurements of dust size distribution,
are calculated based on Mie theory, assuming a certain dust refractive index value and
ignoring dust asphericity. However, the reported directly measured SSA estimates often do
not rely on such assumptions of dust properties and therefore are less subject to biases and
have a lower uncertainty range than indirect SSA estimates !!. Specifically, these
uncertainties are mostly associated with instrument calibrations or potential contamination
by other aerosol species, such as biomass-burning aerosols or urban pollution '%12:37:38 Tn
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this study, we carefully selected studies that reported direct SSA measurements, ignoring
those where the above-mentioned uncertainties are not addressed. For example, we did not
use the SSA measurement from Ref.3* due to potential uncertainties associated with the
corrections to the nephelometer scattering and absorption and mixing with biomass
aerosols !. For studies that included details of the measurement’s environmental conditions
or other information to help discriminate each data point, we selected only the data points
that better represent the dust SSA. For example, in Ref.!?, we selected dust SSA
measurements that are above 3 km and also have a lower value of scattering angstrom
exponent as these measurements are more likely to be representative of the dusty Saharan
air layer. Similarly, in Ref.*, we selected only the measurements in a high-dust
environment with a smaller potential for biomass-burning aerosol contamination.

To put these SSA measurements on a similar footing, we used the campaign mean SSA
estimates, which correspond to a representative longitude and latitude location. To do so,
we applied a weighting parameter, @;, for each measurement at the same wavelength from
the j** study. For studies that reported campaign mean SSA estimates or reported SSA
estimate that is attributed to only one height level, @; = 1. For studies with multiple
reported SSA measurements as a function of height, we took additional steps, estimating
the weighting parameter based on the reported uncertainties and the climatological
contribution of dust at that level to the total column dust loading. That is, for each reported
height level j#, we defined the weighting parameter as:

133/
O'S'jz

£ (o)

Where @)z is the weighting parameter that corresponds to each reported height level jZ,
with reported uncertainty estimate, o ;z; Njz is the number of reported altitude levels for
the j¢" study; and fjz is the fractional contribution of the dust mass at height level j* to the
column dust mass loading. We obtained f;z from an ensemble of selected climate and
chemical transport model simulations (see Table S-2 for details on the models).

N.z
Furthermore, the above Eqn. S1.1 is such that ij’=1wjz = w; = 1. Therefore, the

campaign mean SSA estimate for the measurement from the j* study is, therefore:

N J

SSATSHY = Z SSAjz - @z (51.2)

j7=1
Finally, for measurements that used aerodynamic diameter *°, we converted the diameter
range to volume-equivalent diameter using Ref.*°. However, conversion of the diameter
range for measurements with optical diameter requires knowledge of dust minerology and
other dust properties that is not available for all the studies, and as such it is beyond the
scope of this study #°.
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Section S-2: Estimates of dust single-scattering albedo corresponding to the in-situ
measurements.

To obtain constraints on the dust imaginary refractive index (k,) using Eqn. 1 in the main
text, we estimated the dust SSA calculated for the same location and season and over the
same height and diameter ranges as for the in-situ measurements (Table S-1). Specifically,
we calculated the dust SSA as the extinction-weighted sum of the SSA of dust particles
generated from each of the major dust source regions (Sahara and Sahel regions) reaching
the measurement location. That is:

Ny SSAY, 1,8, ®), tj 1, ey, AR, HWR) X
SSAthis study (6, @), tj) = Z At

r=1 ext,D Ji

(52.1)
’Zj(Bj, ¢1, t] , Ny, kr,AR,HWR)

The first parameter on the right, S’LS"\A{)’;ZJ,, is the estimate of dust SSA generated by source

region 7 at the j®* measurement location with longitude 8;, latitude ¢;, season t;, and
height range Z;, as well as for dust size bin of median diameter D; (between minimum
Djmi" and maximum D;"** diameters; see table S-1 for details). The second parameter on

the right of Eqn. S2.1, Ae]x; p.z.» 1s the constraint on the fractional contribution of each
g iay)]
source region to the overall dust extinction at the j** measurement location. Both Ae]xz Dz
- avi’
and SSA{)’;ZJ, depend on the layer-integrated dust size distribution (ﬁ), the dust

]
refractive indices (n,, k,), and dust shape parameters (AR — Aspect ratio and HWR —
Height-to-Width ratio). We describe in the following paragraphs the details of the
framework used to estimate these parameters. Since this framework is developed for any
given location, including the measurement locations, we drop hereafter the
subscript/superscript j.

For the first parameter in Eqn. S2.1, we compute the S’S\AE,Z associated with each source
region (7) as:

pmax Qlq asp(My ky, D, AR, HWR) dVJ (0, $,t,D)

min ab

SSAY (0,6, t,ny, ky, AR, HWR) = 220 D __dD
fDmax Qext,asp (nr' k.,D, AR, HWR) dVZT (6, P, t, D) dD

pmin D abD

Where .S"S\AE,Z is integrated over a defined height range Z and diameter range D™" to
D™%% with median diameter D that depend on the instrument inlet (Table S-1). In addition,

E— . . . . . 1724 .
SSA} 7 depends on the layer-integrated dust size distribution, CZLDZ, and the size-resolved

18

(52.2)



single-particle dust optical properties — the dust scattering efficiency, @Srca,asp, and
extinction efficiency, ngt,asp, for each dust source region, .

. . . . e avy .
To obtain constraints on the source-resolved layer-integrated dust size distribution, ” DZ in

Eqn. S2.2, we used the datasets from DustCOMM, where we multiplied the constraint on
the dust size distribution #! with the constraint on the fractional contribution by each dust
source region to the overall dust concentration #2, That is:

~ Nz ~
dvy - A dv, (GP ¢)) L, Zg, D)
" ;“z(e, 6,62 B0, 7, D) - =T (52.3)

Where & is the fraction of dust mass loading as a function of height obtained from an
ensemble of selected model simulations for a given location and season (see Table S-2 for
the model simulations used); For each location and season, we normalized &, over the a
defined height range Z such that ZI,Z 1 07(0,9,t,2,) = 1; where k is the individual
altitude level (z;,) within the height range Z, with the total number of N,. The second
parameter in Eqn. S2.3, 7, is the DustCOMM constraint on the fractional contribution of
each source region (7) to the total dust concentration as a function of dust diameter for a
given location, height, and season. This constraint on 87, with details described in 42,
combines observational constraints on dust properties and dust aerosol optical depth with
an ensemble of climate model simulations to determine the relative contribution of
different major source regions to the global dust cycle. For each location, height, season,
and diameter, we normalized 57 such that: ervil 370, ¢, t, 2, D) = 1. The third
dVatm
dD

from the DustCOMM dataset (see Ref.*'43. Similar to 7, the dust volume size distribution

. . D™ Vg m(8,¢,t,2,D)
is normalized, such that [ .., % =1.

parameter in Eqn. S2.3, , 1s the constraint on dust volume size distribution obtained

In addition to the source-resolved layer-integrated dust size distribution in Eqn. S2.2, we
obtained constraints on the source-resolved single-particle dust scattering, erca,asp, dust
absorption, ngs,asp and dust extinction efficiencies, ngt,asp (= @gca,asp + (jg,,s,asp).
These dust optical properties not only depend on source-resolved complex refractive
indices (n, and k,.), but also on dust diameter and dust shape, defined by the dust aspect
ratio (AR) and height-to-width ratio (HWR). For a given wavelength, the dust diameter

directly influences the dust optical properties through its influence on the size parameter (x

D

= —). In addition, an irregularly-shaped dust particle has a larger surface area than a
p g y-shap p g

volume-equivalent sphere, which can lead to higher extinction and absorption than a
spherical dust particle of the same volume 2%*. Therefore, we accounted for dust
asphericity by approximating dust as tri-axial ellipsoidal particles described by AR and
HWR. Since the Lorenz-Mie theory used in most climate models is invalid for aspherical
dust particles, we obtained the single-particle dust optical properties from the single-
scattering database of Ref.**. This database precomputes the single-particle dust optical
properties for a range of AR, HWR, size parameter, and dust refractive index (see section
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S-4). We thus obtained ensemble-averaged dust optical properties by integrating over the
probability dlstrlbutlons of the globally-representative values of AR and HWR obtained by

Ref.# Unhke —~£  the size-resolved single-particle dust optical properties are assumed to

be invariant over the reported height range, Z, but vary regionally based on the source-
resolved refractive index values (n,. and k,.).

Like S’STAE'Z in Eqn. S2.2, we can also estimate the fractional contribution to the overall
dust extinction as a function of dust source region (r). That is:

fer;ct,D,Z (6, ¢, t; nr; kr' AR, HWR)

pmax ngt,asp(nr; k‘r‘) DIARF HWR) dVZT(H, ¢, t, D) dD
pmin D dD
= — _ (52.4)
N, pmax Qext’asp(nr, kr,D,AR,HWR) dVZT(H, (p, t,D)
Zr:l Dmin D dD dD

Where ferxt, p z 18 integrated over the diameter range D and height range Z. In addition, the

dust size distribution, C;LDZ, and the single-particle dust optical properties (ngt’asp) are as
described above in Eqn. S2.2 & S2.3.

Section S-3: Using in-situ SSA measurements at other wavelengths to constrain the
refractive index of North African dust at 550 nm wavelength.

The procedure in Methods constrained the dust imaginary refractive index (k,) at 550 nm.
Although most of the in-situ SSA measurements have values at 550 nm (see Table S-1),
the in-situ SSA measurements used do not have to be at the same wavelength. For studies
with no reported measurement at 550 nm but with more than one reported measurement at
other wavelengths (below or above 550 nm), we interpolated to obtain the equivalent SSA
value at 550 nm (see section S-1). Similarly, for studies where only one SSA measurement
is reported but at wavelengths other than 550nm, we took additional steps to include such
measurements in the procedure, constraining the dust imaginary refractive index at 550
nm. In this case, we only allowed measurements between 500 nm and 600 nm.
Specifically, we obtained equivalent constraints on dust imaginary refractive index at 550
nm using the spectral distribution of Ref.*¢ dust refractive index for each source region r.

To do so, we estimated SSAThls study 10 Eqn. 1, and consequently SSAL ; and flvip s
(Eqn. S2.2 and Eqn. S2.4), using the dust refractive index at the wavelength A. This
yielded a constraint on k7, the dust imaginary refractive index at wavelength A, that is
proportional to our constraints on dust imaginary refractive index at 550 nm (k,). That is:
k} = yk,, where ¢ = k,’}, DB / k. pp — the ratio between Di Biagio et al.’s dust imaginary
refractive index at wavelength A and at 550 nm. Implicitly, we have assumed that the
regional variability in refractive index values at the wavelength A is proportional to the
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variability at 550 nm. In addition, we computed only for the imaginary part of the
refractive index since the real part is mostly spectrally invariant in the visible spectrum “°.

Section S-4: Constraints on single-particle dust optical properties

We obtained constraints on single-particle dust optical properties for an irregularly shaped
dust particle by approximating it as a tri-axial ellipsoidal particle described by the dust
aspect ratio (AR) and height-to-width ratio (HWR). Specifically, we used a look-up table
containing size-resolved and refractive index-resolved dust optical properties (including
the dust extinction efficiency (ngt,asp), dust scattering efficiency (@Srca,asp), dust
absorption efficiency (ngs'asp), and single-scattering albedo) of aspherical dust
approximated as ellipsoids. This look-up table was computed based on the single-
scattering database of ellipsoidal dust by Ref.*> and it contains the following variables: (1)
200 dust geometric diameters logarithmically ranging from 0.2 pm to 20 um, and
corresponding to the dust diameter range used in DustCOMM; (2) 10 real refractive
indices (n = 1.32, 1.36, 1.39, 1.43, 1.47, 1.51, 1.54, 1.62, 1.69, and 1.76) and 13 imaginary
refractive indices (k = 0.0005, 0.0008, 0.0012, 0.0018, 0.0027, 0.0041, 0.0062, 0.0094,
0.0143, 0.0217, 0.1000, 0.1733, and 0.3000).

Consequently, we obtained the size- and refractive index-resolved dust optical properties
by integrating this single-scattering database* with the globally-averaged dust shape
distributions obtained by Ref.**. The single-scattering database of ** combines four
computational methods (Lorenz-Mie theory, T-matrix method, discrete dipole
approximation, and an improved geometric optics method) to compute the single-

scattering properties of ellipsoidal dust for a wide range of aspect ratio (AR = %; Fig. 10),

height-to-width ratio (HWR = %), size parameter, and refractive index. Ref.** compiled

dozens of measurements of AR and HWR worldwide, and they found that both HWR and
the deviation of AR from unity (AR-1) follow lognormal distributions. In the study, we
took the medians of AR and HWR as 1.70 + 0.03 and 0.40 & 0.07, respectively, and the
geometric standard deviations of AR-1 and HWR, respectively as 0.70 £ 0.02 and 0.73 £
0.09, after the globally-averaged distributions of AR and HWR*, By combining Ref.*
database and Ref.**’s shape distributions, we obtained the size- and refractive index-
resolved look-up table on the optical properties of tri-axial ellipsoidal dust. Further details
can be found in Ref.%,

For an arbitrary combination of real and imaginary refractive indices, we estimated an
approximated value of dust optical properties (i.e., ngt'asp, (jgca,asp, ngs,asp) using the
lookup table. Specifically, we computed a matrix of N, X N, grid which covered the range
of expected values of these optical properties and obtained the values corresponding to our
defined n and k using a logarithm interpolation. In addition, although the standard look-up
table is provided at 550 nm wavelength, we can estimate the dust optical properties of any
wavelengths in the shortwave spectrum using look-up tables at 470, 370, 590, 550, 520,
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660, 780, 880, and 950 nm. This is useful to compute the dust SSA corresponding to
measurements at wavelengths other than 550 nm (see section S-1 and Methods).

Section S-5: Quantification of uncertainties in our constraints on dust properties.

We quantified the uncertainties in our constraints on the source-resolved dust imaginary
refractive index (k,.; Eqn. 1) and size-resolved dust AAOD (%,,s; Eqn. 2) by using a non-
parametric procedure based on the bootstrap method 4748, Specifically, we quantified the
uncertainties by randomly selecting a value from the probability distributions representing
each of the input variables in the calculations of k,. and 7. This process was then
repeated a large number of times to obtain the corresponding probability distribution for
Taps and k,.. Therefore, this bootstrap method allowed us to propagate the uncertainties in
each of the input variables that would otherwise be difficult to obtain if we considered the
parametric quantification of errors in each of them. One important consideration with this
approach is that the relevant input variables are assumed to be independent of each other.
We describe below the detailed steps used to obtain these uncertainties.

Dust imaginary refractive index:

1. Within the range of uncertainties defined for each measurement (see Table 1), we
randomly select single-scattering albedo values assuming a Gaussian distribution
for the j" location and season.

2. In addition, from the observationally-informed DustCOMM dataset *'~+%, we
randomly selected a realization from the probability distributions of the dust size

distribution (“am(®i9;ti%;P;)
dDj

) and the fractional contribution of each dust

source to the overall dust concentration, 5/ (Hj, ?;, t;, zj, Dj), over the jt"
measurement’s location and season.

3. With Eqn. S2.3, we used these variables from step (2) above to account for the
avy.
fractional contribution of each dust region, r, to the dust size distribution (d—D{>
]
reaching the j** measurement’s location (6, ¢;) during season t;. We integrated
this size distribution over the defined height range over which the measurements
were made (see Table S-1). The fraction of dust mass, &, (Bj, ®;,t;, Zj) asa
function of height is taken from the selected models (see Table S-2), where one of
the six models is drawn randomly for each iteration.

4. To estimate dust SSAjThiS Stu dy(Hj, b, tj) for each measurement location, we

randomly selected a value of the dust real refractive index from a Gaussian
distribution with mean 1.51 and standard deviation 0.03 (after Di Biagio et al.,
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2019) and did this separately for the Sahara and Sahel source regions. The
imaginary refractive index (k,) is the parameter to be determined (see next step).

5. We iterated over a range of dust imaginary refractive index values to determine
the value that optimally reproduces the compilation of in-situ dust SSA
measurements obtained in step (1) above. We defined an initial range of dust
imaginary refractive index of k749 = 0.00051 — 0.01, based on literature
measurements 20:46:30-52 For each iteration, we obtained the single-particle dust
scattering efficiency (Qgca,asp) and extinction efficiency ((jgxt,asp) using the look-
up table described in Section S-4. Subsequently, we determined the dust
SSA]ThlS Study (Egn. S2.1) by calculating .S"S\AZ,Z (Eqn. S2.2), fe’;ct,D'Z (Eqn. S2.4),

and by integrating them over the diameter range between Djmi" and D;"**

corresponding to that sampled by each measurements (see Table S-1).

6. We repeated step 1-5 a large number of times to obtain the probability distribution
for k.

Dust aerosol absorption optical depth:

Similar to our procedure for quantifying the probability distribution of the dust imaginary
refractive index, we randomly selected realizations of the DustCOMM column-integrated

d?atm (9,¢,t,D))

dust mass loading, M., (8, ¢, t), dust size distribution ( and the fractional

contribution by each dust source to the overall dust concentration, A7 (6, ¢, t, D), over
each location 4174349,

We used these randomly selected values to obtain constraints on the contribution of each

source region 1 to the column-integrated dust mass size distribution (df ,gm 3)
: : . am”(6.¢.t,0)
reaching the location 0, ¢, during the season t. Here, T Myem (6, 0,t) -
VE (6,9t 0
vz (d;f tD), and LZ@ALD) i (btained from Eqn. S2.3.

In addition, we randomly selected values for the dust refractive index (n,, k,-) and dust
density (p,) to obtain constraints on the size-resolved mass absorption efﬁ01ency for dust

particles generated by each source region r in Eqn. 2. That is, €/,¢ asp E .
Qabs,asp (ny,kr,AR,HWR,D)

. The randomly selected value of n, is drawn from a Gaussian

distribution with a mean of 1.51 and standard deviation of 0.03 (after DiBiagio et al.,
2019) and is drawn separately for the Sahara and Sahel dust source regions. Similarly, k,
is randomly drawn from the probability distribution obtained above. Lastly, p,; is drawn
from a Gaussian distribution with a mean of 2500 kg m~3and a standard deviation of
200 kg m~3 223334 and is drawn separately for the Sahara and Sahel dust source regions.
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T
Subsequently, we obtained &35 45, Which we then combined with % from step (2)
dZaps

above to obtain
dp

We repeated steps 1-3 a large number of times to obtain the probability distribution of
dZaps
ap -’

Section S-6: Calculating dust absorption properties for the selected and AeroCom
models.

Dust aerosol absorption optical depth for the selected models: To calculate the equivalent
model dust AAOD for the selected models, we used an equation similar to Eqn. 2 (see
Methods).

m N.
dt.,5(0,6,t)

. diM”, (6,¢,t,D
Z éabs.sph(nms’ kms' D) . mS( ¢ )

abs
S7.1
r=1
g 3 Qq s,s (n™s,k™S,D)
and Sabs,sph(nms, k™s,D) = E. bs,sph .
Where T ZZSS is the simulated dust AAOD for each selected model m;. Since the selected-

model size-resolved dust loadings are available for discrete particle size bins, we fitted a
power law distribution on the column-integrated size-resolved dust mass load values
between adjacent model bins.

In addition, to better compare our constraints on dust AAOD () to the estimated dust
AAQOD from selected models (f:;fs), we also estimate the absorption properties that is
generated by dust sources over North Africa. Specifically, we used the constraint on the

fractional contribution of each source region (r) to the total dust loading A7 “>* obtain the

dMin 5 (6,¢,t,D)

dust mass distribution, for each of the selected models. Furthermore, we used

the dust complex refractive index (n™s, k™s) for each selected model, mg, reported in the
literature (see Table S-2) to estimate the dust absorption efficiency, Qabs,sp n- Since models
generally use spatially invariant refractive indices and assume that dust particles are
spherical, we used Lorenz-Mie theory to estimate each model’s Qabs’sp n» Which is thus the
same for the Sahara and the Sahel regions.

Furthermore, we used similar procedure as the one above to estimate the contribution of
each of the input parameters to the overall bias in the simulated dust AAOD (Fig. 3).
Specifically, we replaced each of the input dust properties in the estimation of the simulated
size-resolved dust AAOD for each of the six selected models in Eqn. S7.1. These
AV, (6,¢,t.D)

parameters replaced include: (1) the dust size distribution, where we replaced 0
dvy (6,¢,t,D)
by ——=

M}, (8,¢,t,D) by Myem (6, ¢, t,D); (3) the dust refractive index, where we replaced n™s

(2) the column-integrated dust mass load, where we replaced
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and k™s by n, and k, to calculate the single-particle dust optical properties. Note that in
this case, we used Lorenz-Mie theory, which assumes a spherical shape; (4) the dust shape,
where the spherical representation of dust shape is replaced by an aspherical representation
obtained by the measurement compilation of * of the dust aspect ratio (AR) and height-to-
width ratio (HWR) used in the calculation of single-particle dust optical properties.
Specifically, we replaced Qgps spn (N™S, k™S, D) by Qgps spn (n™S, k™S, AR, HWR, D), and
as such, we used the single-scattering database of Meng et al. 4° that incorporates the effects
of dust asphericity on the dust optical properties instead of the Lorenz-Mie theory used in
most global models. Given the non-linear, non-additive nature of this procedure, the
combined effect of this bias does not directly reproduce the overall bias, indicating that the
residual is non-zero.

Dust single-scattering albedo for selected and AeroCom models: To calculate the

equivalent dust SSA for the selected models my we used an equation similar to Eqn. S2.2
above. That is:

pmax Qsca,sph(nms: k™s, D) d]?Z]}mS(ej’ ('bj' tj’ D) dD

=, jm fDmin D dD]
SSAD,j,ZS} (ejl ¢]l t] ] nms’ kmS) = _ ~jms (562)
pmax Qe cpn (s, ks, D) AVz (), ¢, t;, D)
fDmin D dD dD

J
Where S?Ai;?zsj is the estimated dust single-scattering albedo of the selected model, mg,
corresponding to the j" measurement with diameter range D;, height range Z;, season ¢;,

avlms

and representative location (6}, ¢;). The simulated dust size distribution is . D’ ; and the
j

Qsca,sph and Qexr spn are respectively the scattering and extinction efficiency, similar to

Qabs,spn above, that uses the model complex refractive index and Lorenz-Mie theory.

Unlike for the selected models, the dust size distribution information was not available for
the AeroCom models at the time of this analysis. Hence, to calculate the equivalent dust
SSA for AeroCom models over a certain height range and diameter range, we used the
estimated column-integrated dust SSA for the selected models to scale the column-
integrated dust SSA for the AeroCom models. That is:

SSA, 7, (8), ), tj,n™4, k™4 ) = SSAI™A(6), ¢, t; A, k™A ) - &y 4 (6, ¢, 17) (S6.30)
and
SSA;;TZS}, (6;, ¢, t;,n™s, k™)

— 56.3b
SSAI™s(6;, p;, t;, nms, k™s) ( )

Where S?A{,’TZSJ, is defined in Eqn. S6.2 for the selected models, mg, that corresponds to
the diameter range D;, and height range Z; of the j th measurement, and SSA/™s is the

same as S?Agzlzsj but estimated over the entire diameter range up to 20um and over the
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ma

is the simulated dust SSA for each of the

AeroCom models, m,, at the same representative location of the j®* SSA measurement,
over the diameter range D;, and height range Z;, and SSAJ/™4 is the column-integrated
SSA value estimated from each AeroCom models as the ratio of the AeroCom’s dust
scattering optical depth (dust AOD — dust AAOD) to the AeroCom’s dust extinction
optical depth (dust AOD).

entire atmospheric column. In addition, S?A{)'j'zj

Finally, we assumed that both the selected models and the AeroCom models simulations
represent the present-day climatology, although the selected model simulations are
generally between 2004-2008 **, and the AeroCom model simulations are for the year
2010.
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