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Abstract. The amount of shortwave radiation absorbed by dust has remained uncertain. We have<.. . (Formatted: Font: 10,5 pt, English (US) )
developed a more accurate representation of dust absorption that is based on the observed dust (Formatted: Justified, Line spacing: 1,5 lines )

mineralogical composition and accounts for very large particles. We analyze the results from two fully- Formatted [3D

coupled climate simulations of 100 years in terms of their simulated precipitation patterns against
observations. A striking benefit of the new dust optical and physical properties is that tropical precipitations
over Sahel, tropical North Atlantic and West Indian Ocean are significantly improved compared to
observations, without degrading precipitations elsewhere. This alleviates a common persistent bias in earth

system models that exhibit a summer African monsoon that does not reach far enough North. We show that

the improvementg documented, here for the JPSL-CM6 climate model results, from both a thermodynamical

and dynamical response to dust absorption, which, js unrelated to natural variability,Aerosol absorption |
1 thermodynamical and dynamical response to dust absorption is

induces more water vapor advection from the ocean to the Sahel region, thereby providing an added supply
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of moisture available for precipitation. This work thus provides a path towards improving precipitation “»k“CFormatted: Font: 10,5 pt )
. . _ . . . . ( Deleted: .
patterns in these regions by more realistically accounting for both physical and optical properties of the ( clete )
aerosol,, _.( Formatted: Font: 10,5 pt, English (US) )
1. Introduction | (Formatted: Font: 10,5 pt )
Mineral dust influences precipitation through direct radiative forcing (Miller et al., 2014), changing the vertical«-. . CFormatted: Font: 10 pt )
temperature profile, and is an efficient ice nucleus in the presence of feldspar mineral (Atkinson et al., 2013), \ CFormatted: Justified, Line spacing: 1,5 lines )
therefore also producing an indirect, cloud-mediated radiative perturbation. It also influences the water cycle Formatted [4D

through microphysical interactions with clouds (Nenes et al., 2014), Near source regions, mineral dust
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absorption causes a change in atmospheric radiation of several tens of watts per square meter (W.m?), an effect

stronger than the one exerted by aerosol-cloud interactions (Miller et al., 2014; Nenes et al., 2014), Sahel Formatted [SD

precipitation is influenced by aerosol absorption (Miller et al., 2004; Solmon et al., 2008; Yoshioka et al., 2007),

and absorption depends on iron oxides (hematite and goethite) that are part of dust mineralogical composition

(Sokolik and Toon, 1996; Claquin et al., 1999), Over the last 15 years, simulating tropical precipitation has been

notoriously difficult for climate models (Fiedler et al., 2020), Improving the representation of tropical monsoons

is a prerequisite to predict future changes in tropical precipitations and attribute them to observed changes in
greenhouse gases and to aerosol changes. We show here how a better representation of dust aerosols leads to an

unequivocal improvement in the simulation of precipitation over key climatic tropical regions_in the IPSL-CM6
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model, namely Sahel, tropical North Atlantic and West Indian Ocean without degrading precipitation elsewhere

around the globe, and subsequently discuss the thermodynamically and dynamically-driven mechanisms at play

that affect the water cycle.

Miller et al, (2014), showed that the increase in Sahel precipitation in response to high dust absorption is a fairly
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Moved down [1]: The link between this additional atmospheric
absorption and dust physical properties, however, remains poorly
understood.

robust result across models. The intensity and the seasonal pattern of tropical precipitations are controlled by the

northward cross-equatorial transport of energy fe.g. Hwang and Frierson, 2013), CERES observations of the

Deleted: The link between this additional atmospheric absorption
absorption and dust physical properties, however, remains poorly
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Earth’s energy budget indicate a net northward cross-equatorial transport of energy. The atmospheric component

of this cross-equatorial transport is southward whereas the oceanic component is northward (see Fig. 4 in,
Stephens et al., 2016), Haywood et al. (2016), discussed how, in the UK Met Office HadGEM2 model, tropical

precipitation biases could be reduced by setting the northern and southern hemispheric albedos to be equal in
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agreement with multi-decadal satellite observations. Hemispheric albedo changes thus strongly influence tropical

| Deleted: . Here we reunite these incomplete studies by describing
an end-to-end physical mechanism that ties improvement in tropical
precipitation to observational support for a higher level of dust
absorption based on measurements of iron oxide in dust particles,
measurements of the full dust particle size distribution and detailed
JThe abundancy and variation in iron oxides, as well as the presence of large particles, are known to control dust - climate simulations with interactive dust.

precipitations. The link between hemispheric albedo, aerosol loadings and properties in general, and dust :

atmospheric absorption in particular remains however poorly understood.l

absorption (Balkanski et al., 2007; Miller et al., 2004; Ryder et al., 2018; Yoshioka et al., 2007), Although iron Formatted [13])
oxides in dust are present in minute quantities from 1 to 5% by volume (Di Biagio et al., 2019; Journet et al., (eleted: controls )
2014; Kandler et al., 2007; Liu et al., 2018; Nickovic et al., 2012; Perlwitz et al., 2015; Reid, 2003), this Formatted .114)
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relatively small volume largely jnfluences mineral dust absorption (Balkanski et al., 2007; Ryder et al., 2018; Di

Biagio et al., 2019), Large dust particles with diameters ranging between 10 and 100 um, are rarely accounted

for in climate models. Recent measurements have shown a much stronger absorption from these large particles

than from smaller ones {Ryder et al., 2013 & 2018), Due to the abundancy of these, large particles pver source
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highest iron oxide content in soils (Journet et al., 2014; Nickovic et al., 2012), In this study, we analyse the 7(Formatted [17])

strong relationship between high iron oxide content and increased Sahel precipitation. Here we discuss the role

played by dust on tropical precipitation and describe an end-to-end physical mechanism that ties improvement in

tropical precipitation to observational support for a higher level of dust absorption based on measurements of

iron oxide in dust particles, measurements of the full dust particle size distribution and detailed climate

simulations with interactive dust, ——{ Deleted: Specifically we determine the optical properties of
airborne dust coming from African deserts based on its mineralogy
and show the IPSL-CM6 precipitation fields in several key tropical
areas are improved compared to observations when the effect of dust
absorption is introduced in this model. We finally dissect the
mechanisms that explain an increase in Sahel precipitation with dust
absorption and answer the question of whether these mechanisms are
thermodynamical, dynamical or occur in response to an improved
phasing of the Atlantic Multidecadal Variability.

2. Methods

2.1 JPSL-CM6 description

. ( Formatted [18])
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The climate model used here is the low resolution model from the Institut Pierre-Simon Laplace Climate<.

Modelling Centre described by Boucher et al. (2020), The horizontal resolution is 2.5° in longitude and 1.28° in

latitude with a discretization of the vertical into 79 layers that extends to about 80 km. For the ocean model,

NEMO, that includes sea-ice and biogeochemistry, the horizontal resolution is 1° and the model is discretized

using 75 vertical levels. The aerosols are run interactively in the simulations presented here.
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2.2 Dust modeling

Dust emission fluxes are calculated in two steps: in a first step, we derive the horizontal flux of dust that is<.. . CFormatted: Font: 10 pt
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mobilized based upon three criteria: a threshold velocity that depends on the nature of the upper soil, the wind \ (Formatted: Justified, Line spacing: 1,5 lines

speed at 10-meters and an erodibility factor that takes into account the effect of soil moisture. These erodibility

factors were tuned following the procedure described in Balkanski et al. (2004), Total emissions and loads Formatted [20])

compare well with the constraints given by Ridley et al. (2016), and by Kok et al. (2017), The dust particle size

distribution are emitted with a constant shape following the Brittle theory described by Kok (2011), The size

distribution is represented by one or py four modes, each one represented gwith a log-normal distribution Deleted: scveral by four modes, each one represented by ..ith 1?21])

consisting of @ mass median diameter which varies in response to the sink processes fhat affect the dust cycle.

When using one mode for the simulation, this mode s centered at 2.5 um with a width of 2.0 and represents both

the accumulation and coarse modes (Schulz et al., 1998; Denjean et al., 2016), [The four modes size distribution /<F°rmatted [22])

allows to account for large particles up to 100 um (Di Biagio et al., 2020), These four modes have mass median /<Deleted: Accounting The four modes size distribution a“"w?--“{23])
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diameters of 1.0, 2.5, 7.0 and 22.0 pm, respectively and are fitted to the size distribution predicted by the brittle
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theory for particles of diameter below 20 um and to observations made during the campaigns Fennec and AER-

D (Ryder et al., 2013 & 2018) for diameters above 20 um as described in Di Biagio et al. (2020).,




Dust absorption is influenced mainly by the iron oxide embedded in the dust aggregates (Lafon et al., 2006; CFormatted: Font: 10 pt )

190  Ryder et al., 2018; Di Biagio et al., 2019), Measurements of iron oxides on soils from around the world have (Formatted: Font: 10 pt )

been reported for two particle size class the clays with diameters of less than 2 microns and the silts with

diameters between 2 and 64 pm. The iron oxide varies drastically depending on the soil types and most

measurements indicate a weight content of 1 to 7% equivalent to 0.5 to 3.5% (Lafon et al., 2006; Di Biagio et al., CFormatted: Font: 10 pt )
2019; Moosmiiller et al., 2012; Engelbrecht et al., 2016; Journet et al., 2014), by volume. To determine the CFormatted: Font: 10 pt )
195 amount of iron oxides over Sahel, we used the high-resolution database published by Nickovic et al. (2012),and CFormatted: Font: 10 pt )
determined the amount of hematite over the Sahel region (16°W-36°E; 10°N-20°N)as shown in Fig. 1. With the (Formatted: Font: 10 pt )
30, grid high-resolution of the database, the mineral content of hematite could be retrieved for 6,026,016 points. S K‘CDeleted: ; )
For the clay fraction (diameter < 2 pum), 50% of these points had an, hematite content of more than 2% by weight ™ Ez:::::: S:e %
(equivalent to 1% by volume since density of hematite is twice that of all other minerals except goethite); 30% b (Deleted: 4 )
P00 (respectively 17%) of the points had an hematite content of more than 3% (resp. 4%) by weight. For the silt
fraction (diameter > 2 um), 49% of these points had and goethite content of more than 2% by weight (equivalent
to 1% by volume since density of hematite is twice that of all other minerals except goethite); 30% (respectively
12%) of the points had an hematite content of more than 4% (resp. 5%) by weight. Assuming that hematite and (Deleted:
goethite contents are the same for these soils and accounting for the density of hematite (5300 kg m™~) and V'V(Delete o
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A description of the Maxwell-Bruggeman approximation used here to
compute the refractive index of dust can be found in Balkanski et al.
(2007).
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The absorption of dust size distribution is determined as follows: we consider dust as the mixture of six minerals,

namely kaolinite (kaol), illite (lili), montmorillonite (montmo), quartz (qua), calcite (calci) and hematite (hema).

P10  The difference in optical properties between goethite and hematite are not considered in this study as we focus ;
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on the mechanisms by which dust absorption causes an increase of precipitation over the Sahel and not into

having a very precise gstimate of this absorption. We keep a constant yolume content of hematite of 3.0%

representative of the Sahel region. The first step of the computation is fo compute the refractive index of each of
the above cited minerals with hematite, for example for 3% hematite, all mixtures are composed of 97-3%,
R15 Using the Maxwell Garnett mixing rule (Chylek et al., 1988), we compute the equivalent refractive index (me) s

of a particle that consists of the assemblage of 2 minerals is computed in the following way:
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Where my is the refractive index of mineral around the inclusion, and ma is the refractive index of the inclusion< ..
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The second step is to compute the refractive index starting first with the most abundant constituents of these clay+
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mixtures jlli-hema and kaol-hema. The third step takes the resulting mixture illi-kaol-hema and mixes it with
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Jnontmorillonite. The resulting mixture illi-kaol-montmo-hema is then mixed with quartz. And finally the
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.| Deleted: Figure 2 illustrates how co-albedo (1.-SSA), SSA
(single scattering albedo) varies with increasing iron oxide
content and the effect of considering large particles (diameter >

. . . . . i 10 pm). For a co-albedo of 0.09, we can see from these curves that

We ran 100-year simulation of the fully-coupled IPSLCM6 model with all interactive components of the aerosol - the same absorption from the whole size distribution including

large particles (orange solid line) requires only 3.0% volume

content of iron oxide whereas for particles of less than 10 pm in
diameter the have to include a volume of 5.0% of iron oxide.

This is also observed in field measurements (see Fig. 8 from

Ryder et al. (2013)).

mixture illi-kaol-montmo-quartz is mixed with calcite, the least abundant of those minerals. We refer the reader

to Table 1 of Balkanski et al. (2007), that explains the abundancies of the different assemblages and minerals.

including dust for the 1915-2014 period, as well as another 100-year simulation without the dust. We analyzed

the last 30 years of the coupled simulations (1985-2014) for the period when precipitation is most abundant over

the Sahel from June fo September, referred to as JJAS in the rest of the text. We checked for all variables the

consistency of the results compared to the previous 30-year period from 1955 to 1984. We compare the SW and Formatted [28])
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LW radiative effects of two simulations that have the same absorption: 4 modes (including large particles, 10 um
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um), the results are shown in Table 1. We ran for the full 100 -year period only the simulation with 1 mode and
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5% iron oxide content equivalent to the full size distribution (4 modes) and 3% iron oxide.,
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radiation and allows fractional cloudiness to form in a grid box. The reflectivity and transmissivity of a layer are (1980)(Fouquart and Bonnel, 1980). The radiative transfer module
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Radiative Transfer Model for Global Circulation Models radiative
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computed using the delta Eddington approximation(Joseph et al., 1976), in the case of a maximum random

overlap (Morcrette and Fouquart, 1986), by averaging the clear and cloudy sky fluxes weighted linearly by their

presence of clouds, and with and without the presence of aerosols; they are sampled at the top-of-atmosphere and Abeleted: two hoursninety minutes, with and without the presengg4)




B30

B35

B40

B45

B50

; (Deleted: , and with and without the presence of aerosols )

C Deleted: Few models have published the radiative effect o_f_&_in[gs])
at the surface, The clear-sky and all-sky aerosol radiative forcings can then be estimated as the differences in - ( Deleted: airshed

radiative fluxes with and without aerosols. CFormatted [36])
(Formatted ...137)

2.3 Deriving the Water Budget along the Sahel region (10°N-20°N; 15°W- 35°E) CFormatted [38])

Formatted [39])

JFollowing Sheen et al. (Sheen et al., 2017), we seek to determine the total flux of moisture depth across each of«
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region (Lafon et al., 2006; Di Biagio et al., 2019) and displayed for soils in Fig. 1. We infer the refractive index

of the mineral dust using an optical model, Figure 2 illustrates the influence of the iron oxide content and the
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less than 10 pm with an iron oxide content of 5.0% absorb the same amount of radiation than particles with 3.0% %
(Deleted: of dust of

(Formatted [58])
Formatted .. [62]

iron oxide for which we consider also the diameters greater than 10 pm _(see Table 1). With these mineralogical

compositions we obtain a coSSA of 0.09. For dust particles with an iron oxide volume content of 1.5%, thought
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to 0.058 when large particles are also considered. Hence, the substantial increase in aerosol absorption caused by Deleted: , which are particularly abundant [65])
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of the Sahel region, the top-of-atmosphere shortwave radiative perturbation is positive, i.c., an atmosphere with Formatted [68])
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dust is less reflective than an atmosphere without dust. At the surface, the radiative effect from dust is strongly
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JJAS mean atmospheric absorption due to dust, estimated at ;-17 W m over the Sahel). Since dust is highly

variable in time, this average value is consistent with values of several hundred watts per square meter simulated

during particularly strong dust episodes(Pérez et al., 2006),
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far enough North compared to observations such as Tropical Rainfall Measuring Mission (Roehrig et al., 2013),
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balance and enhances convection, through the air column (Miller et al., 2014; Solmon et al., 2008),, The change in

water flux into the Sahel yegion amounts to an increase of0.365 mm day™' for the JJAS period. Precipitation and
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evaporation over the Sahel region increase by 0.40 and 0.09 mm day;’, respectively, for the same months over

the 30-year period (1985-2014). , Hence there is a small residual in the water budget which we attribute to

imperfections in the way the advected water fluxes are diagnosed in the model,

4. Disc
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significantly smaller and amounts to 0.1 mm day'. By comparison,
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Figure 3. Top panel: Mean JJAS top-of-atmosphere (TOA) Dust Direct Radiative Effect (in W m-2);

Middle panel: Mean JJAS dust Atmospheric Absorption (W m-2) which is obtained as the difference
between top-of-atmosphere and surface effects;

Bottom Panel: Mean JJAS surface Dust Radiative effect (W m-2) . Over the Sahel region (10°N to 20°N;
15°W to 35°E), at the TOA effect amounts to +6.0 W.m-2 (SW=+4.1, LW=+1.9); the atmospheric absorption
amounts to +16.7 W.m-2 (SW=+19.9, LW=-3.2); and the surface radiative effect amounts to -10.8 W.m-2
(SW=-15.8, LW=+5.1). In addition, Table 1 also indicates the values for the dust global direct radiative effect.
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