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Abstract

Mineral dust affects the West African energy balance and monsoon circulation, yet climate models differ
widely in the dust optical properties that set the balance between scattering and absorption. As a result,
models disagree even on whether dust produces net shortwave (SW) warming or cooling over North
Africa. Here we show that Saharan single-scattering albedo (SSA), an observable intensive optical
property, accounts for much of the inter-model spread in the shortwave dust forcing response across
climate models. The Saharan SW effective radiative forcing due to aerosol-radiation interactions (ERFg‘r”i/)
decreases systematically with increasing SSA, shifting from near-zero or positive values in lower-SSA,
more absorbing models to negative values in higher-SSA, more scattering models. Applying an Aerosol
Robotic Network (AERONET)-based observational constraint on SSA, 0.9543 + 0.0060, gives a
constrained Saharan ERF;S,‘rA,-’ centered near zero at —0.66 W m2, with a 95 % interval of —3.87 to +2.53

Wm=2

Grouping the models by SSA reveals two contrasting monsoon responses to the same dust-emission
perturbation. Low-SSA models show stronger atmospheric heating over the Sahara, a deeper heat low,
enhanced monsoon inflow, and increased Sahel rainfall, whereas High-SSA models show a weaker or
opposite response and reduced rainfall. The associated cloud-radiative response forms a Sahel—tropical

North Atlantic dipole. Propagating the SSA-based constraint on the ERFSY through the relationship

between Saharan ERFow and Sahel cloud-radiative response reduces its inter-model variance by about
one third. Thus, an observable dust optical property constrains a significant part of the downstream

monsoon and cloud-response uncertainty.
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48 1 Introduction

49 Mineral dust is the most abundant aerosol species in the atmosphere by mass (Kok et al., 2021), yet
50 even the sign of the radiative forcing remains uncertain. The most recent assessment places the dust
51  radiative effect at —0.2 W m2, with a 90 % confidence interval of —0.7 to +0.4 W m2 (Kok et al., 2023),
52  an interval that allows either net cooling or net warming. Multi-model estimates from Coupled Model
53  Intercomparison Project Phase 6 (CMIP6) Earth system models (ESMs) likewise span both signs
54  (Thornhill et al., 2021; Haugvaldstad et al., 2025). This uncertainty is especially important because
55  atmospheric dust loading has changed over time. Observations indicate increases in dust amount in several
56  regions since the beginning of the industrial era (Hooper and Marx, 2018; Mulitza et al., 2010), and one
57  reconstruction estimates a global rise of roughly 55 + 30 % (Kok et al., 2023). An aerosol burden that has
58 increased, combined with a forcing whose sign remains uncertain, therefore complicates the interpretation
59  of the historical forcing record and the attribution of warming to individual forcing agents. Dust perturbs
60 the top-of-atmosphere (TOA) energy balance mainly through aerosol-radiation interactions in the
61  shortwave (SW) and longwave (LW) radiation, with additional pathways through cloud condensation
62  (Karydis et al., 2017) and ice nucleation (Storelvmo, 2017; Froyd et al., 2022), heterogeneous chemistry
63  (Bauer et al., 2007), and surface albedo changes after deposition (Shi et al., 2021; Kok et al., 2023). Dust
64  forcing can also affect climate beyond the TOA energy balance. By heating the atmospheric column while
65 the surface temperature remains fixed, absorbing dust may increase static stability and alter circulation
66  and precipitation (Miller et al., 2004). These diverse pathways, combined with weak observational
67  constraints on dust optical properties, make the dust forcing one of the most uncertain among all forcing

68 agents.

69 Among these pathways, the interaction of dust with SW radiation is the most firmly established in
70 ESMs, and its dominant source of uncertainty is comparatively well understood. It is generally
71 represented through the complex refractive index (CRI) of dust, which sets the balance between scattering
72 and absorption and depends on the mineralogical composition of the particles (Di Biagio et al., 2019).
73  Many ESMs, however, still rely on refractive indices derived from optical databases assembled in the
74 early 2000s such as OPAC (Hess et al., 1998), which have been shown to overestimate SW absorption by
75  dust (Adebiyi et al., 2023; Di Biagio et al., 2019). Replacing these older optical data with observationally
76  constrained values substantially increases the modeled SW cooling (Obiso et al., 2024; Li et al., 2024).
77  Because such updates have not been applied consistently across models, the inter-model spread in dust
78  absorption has persisted across more than a decade of model intercomparison (Glif3 et al., 2021; Huneeus
79  etal., 2011). Although the dust forcing uncertainty also arises from other sources, including the particle

80  size distribution and LW radiative effects (Dufresne et al., 2002; Kok et al., 2017), and each of these
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81  sources requires its own observational constraint, here we narrow our focus to single scattering albedo
82  (SSA), which summarizes the balance between absorption and scattering in a single amount-independent
83  optical property. This balance, relative to the reflectance of the underlying surface, determines whether
84  the SW aerosol-radiation interaction produces positive or negative forcing at the TOA, whereas the dust
85  amount mainly scales its magnitude (Claquin et al., 1998; Myhre and Stordal, 2001; Haugvaldstad et al.,
86  2025). We therefore take the SW effective radiative forcing due to aerosol-radiation interactions

87  (hereafter ERFoy) as our target, and SSA as the optical property that governs its sign.

88 This relationship between SSA and SW forcing provides a basis for an emergent constraint. Across a
89 model ensemble, if the spread in forcing is systematically related to an observable dust property,
90  observations of that property can be used to identify the part of the modeled forcing range that is most
91  consistent with the real atmosphere. For Saharan dust, such a constraint is feasible because observational
92  estimates of dust absorption are available from Aerosol Robotic Network (AERONET) inversion products,
93  which retrieve aerosol absorption and SSA from sun and sky radiance measurements, and from laboratory
94  measurements (Di Biagio et al., 2019). This approach links forcing uncertainty to a measurable optical
95  property and provides a way to evaluate model parameterizations of dust absorption and scattering. We
96  therefore ask how much of the Saharan SW dust-forcing spread can be explained by SSA, where the
97  observed SSA falls within the modeled range, and what forcing range is supported by this observational

98  constraint.

99 Because dust forcing is spatially inhomogeneous, its climatic impacts are expected to be strongest near
100  major source regions and along their transport pathways. The Sahara is by far the largest dust source on
101  Earth, and the atmosphere above and downstream of this source region is therefore especially sensitive to
102  the absorptive properties of mineral dust. Absorbing dust heats the overlying atmosphere, and this diabatic
103 heating can modify the lower-tropospheric thermal structure and intensify the thermally driven surface
104  low over the Sahara, the Saharan heat low (SHL), which organizes the low-level circulation of the West
105  African monsoon (WAM) (Lavaysse et al., 2009). Changes in SHL intensity can alter the monsoon flow
106  and the associated moisture transport into the Sahel, thereby affecting regional precipitation. Single-
107  model studies have shown that this Sahel precipitation response is highly sensitive to the absorbing
108  properties of dust, with more absorbing dust favouring increased monsoon rainfall (Solmon et al., 2008;
109  Strong et al., 2015). Thus, uncertainty in dust absorption is not only a problem for estimating global

110  radiative forcing, but also a source of uncertainty in regional monsoon responses.

111 An experiment in which the amount of dust emissions is doubled has recently been analyzed in this
112 context by Haugvaldstad et al. (2025). They characterized the dust effective radiative forcing (ERF) across
113 the nine ESMs participating in the Aerosol Chemistry Model Intercomparison Project (AerChemMIP)
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114  and decomposed it into contributions from aerosol-radiation interactions and cloud adjustments. Their
115  analysis showed that differences in dust absorptivity dominate the spread in ERFSY and that constraints
116  on dust optical depth alone are insufficient. They therefore called for a broader set of observational
117  constraints on the dust properties that shape the forcing, including its refractive index. Building on this
118  forcing-focused analysis, we use the SSA constraint introduced above and examine whether the same
119  absorption-related spread also projects onto the downstream WAM response. Although the link between
120  dust absorption and Sahel rainfall has been examined in single-model studies (Solmon et al., 2008; Strong
121 et al,, 2015), and Haugvaldstad et al. (2025) diagnosed the global precipitation response through an
122 energetic argument, the multi-model pathway from Saharan SW forcing to WAM circulation and rainfall
123 has not been established. We examine how this pathway develops from the SW forcing to changes in
124  regional circulation and rainfall. To connect the forcing to the underlying scattering and absorption
125  processes, we separate the SW dust forcing into its scattering and absorption components using the
126  approximate partial radiative perturbation method (APRP, Taylor et al., 2007). APRP relies on standard
127  radiative flux outputs, allowing a consistent decomposition across all models, whereas the aerosol-free

128  radiation diagnostics used by Haugvaldstad et al. (2025) are available only for a subset of models.

129 This study uses simulations in which dust emissions are doubled, together with the corresponding
130  control simulations, from the CMIP6 ESMs participating in AerChemMIP. All dynamical and
131 precipitation diagnostics are performed for boreal summer (JJA), when Saharan dust loading and the West
132  African monsoon both reach their seasonal peak. The remainder of the paper is organized around the link
133 between Saharan dust SSA, SW dust forcing, and the regional monsoon response. Section 2 introduces
134 the model ensemble and observational basis for evaluating Saharan dust SSA. Section 3 first examines
135  how SSA explains the spread in SW dust forcing and constrains its plausible range. It then connects SSA-
136  related absorption to the Saharan heat low, monsoon inflow, Sahel rainfall, and the cloud-radiative
137  response over the Sahel. Section 4 summarizes the main findings and discusses their implications. By
138  linking SSA to both Saharan dust forcing and the downstream monsoon response, this study highlights

139  the need to constrain not only how much dust models simulate, but also how absorptive that dust is.
140

141 2 Data and methods

142 2.1 AerChemMIP experiments, model ensemble, and evaluation datasets

143 We analyze the piClim-2xdust and piClim-control experiments of AerChemMIP (Collins et al., 2017).
144 Both experiments prescribe sea surface temperatures (SSTs) and sea ice at pre-industrial 1850 conditions,

145  with anthropogenic aerosol emissions and greenhouse gas concentrations also fixed at 1850 levels. In



https://doi.org/10.5194/egusphere-2026-6804
Preprint. Discussion started: 12 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

146 piClim-2xdust, the dust-emission scaling factor applied to the interactive dust emission scheme in each
147  model is doubled, while piClim-control is otherwise identical except that this scaling factor remains
148  unperturbed. We define the perturbation response throughout as AX = x2xdust _ yctrl ypepe y2xdust
149  and X denote the 30-year climatologies of piClim-2xdust and piClim-control, respectively. This
150  difference isolates the rapid response to the imposed dust-emission perturbation. Because dust emission
151  remains computed online from surface wind and land-surface conditions, doubling the emission tuning
152  factor does not necessarily double the emitted dust mass in each model. The realized increase ranges from
153 about 70 % to 105 % across the ensemble (Haugvaldstad et al., 2025). Because SSTs are prescribed, the
154  simulated responses represent rapid adjustments to the dust forcing, and exclude slower responses
155  mediated by changes in surface temperature. The implications of this constraint for the monsoon response

156  are discussed in Sect. 4.

157 Nine CMIP6 ESMs participated in the experiment. We analyze eight of these models, MIROCS6,
158  NorESM2-LM, EC-Earth3-AerChem, MPI-ESM-1-2-HAM, CNRM-ESM2-1, IPSL-CM6A-LR-INCA,
159 UKESMI1-0-LL, and GFDL-ESM4. GISS-E2-1-G is excluded because its reported absorption diagnostic
160  implies an unphysical column SSA of about 0.08 (Sect. 2.3). Consequently, the main SSA-based forcing,
161  monsoon, and emergent-constraint analyses are based on eight models. All model output was obtained
162  from the Earth System Grid Federation (ESGF), and the variant labels are listed in the Code and data
163  availability section. Each model provides at least 30 years of simulation, all of which are retained for the
164  climatological analysis. Because the experiments use prescribed SSTs and piClim-2xdust is branched
165  from an equilibrated control, we treat the response as a rapid adjustment to the imposed dust-emission
166  perturbation and do not exclude a spin-up period. Haugvaldstad et al. (2025, Table 1) provide details of
167  the individual models, including their dust emission schemes, particle size representations, and refractive
168 indices. They also analyzed the same ensemble for the global dust effective radiative forcing. The present
169  study builds on that analysis by focusing on the ERFoy over North Africa and its dynamical propagation
170  into the West African monsoon, using the Saharan column SSA (Sect. 2.3) as the key diagnostic of model
171 dust absorptivity.

172 To evaluate the present-day West African mean state simulated by the same models, we also analyze
173 CMIP6 historical simulations and compare them with observational products for precipitation and aerosol
174  optical depth (AOD). This evaluation complements the idealized piClim analysis. The piClim
175  experiments isolate the rapid response to a dust-emission perturbation, whereas the historical comparison
176  assesses whether the models reproduce the observed climatological fields on which the regional response
177  acts. The historical comparisons are performed for boreal summer, June-July-August (JJA), and all fields

178  are regridded to a common 1° x 1° grid before analysis.
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179 Present-day monsoon precipitation is evaluated for 1995-2014 using two monthly observational
180  products, GPCP version 3.3 and CHIRPS version 2.0. These products combine observational information
181  in different ways, with GPCP based on a satellite-gauge merged approach and CHIRPS based on station-
182  blended infrared precipitation estimates. Using both products provides an estimate of observational
183  uncertainty in the West African rainfall climatology. Present-day dust loading is evaluated using 550 nm
184  AOD from MODIS Aqua (the combined Dark Target—Deep Blue land-and-ocean product) and MISR (the
185  Level 3 Component Global Aerosol product, MIL3DAEN version 004, monthly 0.5° x 0.5° aggregation).
186  Because reliable satellite AOD retrievals are available only from the early 2000s, both products are
187  evaluated over 2003—2014 rather than over the full 1995-2014 period. MODIS Aqua is based on the target
188  1° x 1° grid, while MISR is conservatively regridded from 0.5° to 1° to preserve area-integrated AOD.
189  As with precipitation, using two products with different sampling and retrieval algorithms brackets the

190  observational uncertainty in the dust field.
191
192 2.2 Radiative forcing decomposition

193 We decompose the TOA radiative responses into SW aerosol-radiation, SW aerosol—cloud, surface-
194  albedo, and LW components. We refer to these responses as effective radiative forcings because they
195  include both the instantaneous radiative perturbation from the imposed dust-emission change and the
196  rapid atmospheric adjustments that occur under prescribed SSTs and sea ice. For the SW terms, we use
197  the APRP method of Taylor et al. (2007), following the implementation of Zelinka et al. (2014). APRP
198  diagnoses changes in planetary albedo from standard monthly radiative fluxes and separates the response
199  into surface-albedo, non-cloud atmospheric, and cloud-mediated terms. The APRP term grouping and

200  implementation used in this study are given in Appendix A.

201 In this study, the non-cloud atmospheric terms are used to define ERFg‘r’Y, while the cloud-mediated

202  terms are used to define the SW forcing due to aerosol—cloud interactions, ERng\i/. The surface-albedo
203  terms are retained separately as ERFEYQ,’. This decomposition is central to our analysis because it separates

204 ERFSY into scattering and absorption components for all models using only standard archived radiative

205  fluxes.

206 The LW forcings due to aerosol-radiation and aerosol-cloud interactions, ERF];}/}] and ERF];L/}’, are

207  diagnosed separately from the SW APRP decomposition following Zelinka et al. (2014), with the detailed
208  definitions given in Appendix A. All radiative decompositions are computed from monthly model output
209  and evaluated as piClim-2xdust minus piClim-control. The threshold treatment for small cloud fractions

210  and the subsequent regridding procedure are also described in Appendix A.
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211
212 2.3 Saharan column single-scattering albedo

213 We characterize model dust absorptivity using the column-integrated total-aerosol SSA at 550 nm over
214 the Saharan domain. For each grid cell, SSA is computed from the standard CMIP6 aerosol optical

215  diagnostics as

— 550
216 wO_l_Tabs/TégtO!

217 where 7330 and 7330 denote total AOD and absorption AOD at 550 nm (CMIP6 variables of od550aer

218  and abs550aer, respectively; Juckes et al., 2020). Because 7opoand 733are column integrals of layer
219  optical depths, this quantity is the extinction-weighted column mean of the single-scattering albedo used

220  in each model's optical properties. It does not include multiple scattering or reflection, which enter only

221  the radiative transfer calculation of the forcing. We then calculate the Saharan column SSA, aﬁah, as the

222 cosine-latitude-weighted mean of grid-cell SSA over the Saharan land mask.

223 A dust-specific absorption optical depth is not available as a standard AerChemMIP diagnostic for most
224 models. However, under the pre-industrial aerosol conditions of the piClim experiments, mineral dust
225  dominates the aerosol column over the Sahara. The total-aerosol column SSA therefore provides an
226  effective proxy for Saharan dust SSA, following the same approach used for CMIP6 models by Mallet et
227  al. (2021). This column-integrated diagnostic is also directly comparable to the columnar SSA retrieved

228  from AERONET inversion products used for the observational constraint in Sect. 2.4.

229 As a consistency check, we compare the control-based Saharan column SSA with a perturbation-based
230  SSA calculated from the incremental AODs between piClim-2xdust and piClim-control (Fig. S2). The
231 two diagnostics closely follow the one-to-one relationship across the eight models. This supports the use
232 of'the control-based Saharan column SSA as the main diagnostic of dust absorptivity. We also test whether
233 the regional SSA depends on the low-extinction threshold used when forming grid-cell SSA. Varying the
234 1330 threshold between 0.001 and 0.01 has negligible effect on the Saharan-mean SSA and does not
235  change the model ordering, because the Saharan land mask is dominated by optically thick dust-laden
236  grid cells (Appendix B).

237 On this basis, models are grouped by Saharan column SSA for the composite analyses in Sect. 3.3 and
238  3.4. The four higher-SSA models are classified as the High-SSA group (MIROC6, NorESM2-LM, EC-
239  Earth3-AerChem, and MPI-ESM-1-2-HAM; SSA 0.957-0.976), and the four lower-SSA models as the
240  Low-SSA group (GFDL-ESM4, CNRM-ESM2-1, UKESM1-0-LL, and IPSL-CM6A-LR-INCA; SSA
241 0.875-0.946). These labels are used only as a descriptive grouping for composite analysis. The emergent-
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242  constraint regression in Sect. 2.4 treats SSA as a continuous model property.

243 GISS-E2-1-G is not included in the SSA-based analysis. Its reported absorption diagnostic gives a
244 Saharan column SSA of approximately 0.08, far below the physically plausible range for atmospheric

245  mineral dust, for which measured 550 nm SSA values generally exceed about 0.8 (Di Biagio et al., 2019).

550

246 We therefore interpret this value as an inconsistency in the reported T35 ey

diagnostic rather than as a
247  representation of dust optical properties, and exclude GISS-E2-1-G from all analyses, leaving an eight-

248  model ensemble.

249
250 2.4 Observational SSA constraint and emergent-constraint regression
251 We constrain the modeled Saharan column SSA using ground-based columnar retrievals from the

252  AERONET network. We use Level 2.0 quality-assured inversion products at five stations within or
253  bordering the Saharan dust domain: Tamanrasset, El Farafra, Ouarzazate, Bordj Badji Mokhtar, and
254  Bodélé. AERONET inversion products retrieve aerosol optical properties from Sun and sky radiance
255  measurements using established algorithms (Dubovik and King, 2000; Giles et al., 2019). The retrieval

256  procedure and spectral interpolation are described in Appendix C.

257 AERONET reports SSA at 440, 675, 870, and 1020 nm. We interpolate these values to 550 nm and
258  average the five station estimates , giving an observational constraint of SSA_obs = 0.9543 + 0.0060 at
259 550 nm, where the uncertainty is the inter-station standard deviation and serves as a conservative measure

260  of regional representativeness.

261 The emergent constraint relates the modeled Saharan ERF §¥Y to the Saharan column SSA across the

262  eight-model ensemble. We fit an ordinary least-squares regression of ERF5% on Saharan column SSA
263  and use the AERONET-based observational constraint to infer the corresponding forcing range. The
264  uncertainty propagation accounts for both the observational uncertainty in SSA and the predictive
265  uncertainty of the regression. The regression formulation and Monte Carlo procedure are given in

266  Appendix D. The resulting constrained forcing range is reported in Sect. 3.2.
267
268 2.5 Analysis domains, season, and monsoon diagnostics

269 Two regional domains are used for the regional analysis. The Sahara domain spans 15-35° N and 20°
270  W-35° E, covering the main dust source and the Saharan Heat Low. The Sahel domain spans 0-15° N

271 and 20° W-15° E, covering the West African monsoon rain belt. Regional means are calculated as cosine-
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272  latitude-weighted area averages within each domain. Zonal-mean cross-section diagnostics use the 15°

273  W-15° E longitude band indicated in the corresponding figures.

274 All circulation and precipitation diagnostics are evaluated for boreal summer, June—July—August (JJA),
275  when the West African monsoon and the Saharan heat low are fully developed. The Saharan column SSA
276  is the only exception. It is calculated as an annual-mean quantity, consistent with its interpretation as an

277  intensive optical property and with the annual-mean observational constraint described in Sect. 2.4.

278 To examine how Saharan SW dust absorption is linked to the Sahel rainfall response, we define a set
279  of regional perturbation diagnostics. Each diagnostic is calculated as the JJA-mean difference between

280  piClim-2xdust and piClim-control and then averaged over the relevant domain.

281 Over the Sahara, we use four diagnostics. The clear-sky atmospheric shortwave absorption, ASW,,
282  is defined as the changes in clear-sky net SW convergence between the TOA and the surface. Mid-
283  tropospheric temperature, AT500—700, iS averaged over the 500—700 hPa layer. The low-level atmospheric
284  thickness is defined as LLAT = Z,yo — Zgy5, Where Z7g9 and Zgy5 are geopotential heights at 700 and
285 925 hPa, respectively. This quantity increases when the lower tropospheric column warms and expands.
286  Sea-level pressure, Apsl, is used as the surface-pressure signature of the Saharan heat low. LLAT and
287  psl are hydrostatically linked diagnostics of heat-low intensity and are therefore interpreted as

288  complementary measures rather than independent quantities.

289 Over the Sahel we use three diagnostics. The 850 hPa zonal wind, Augs,, represents the low-level
290  monsoon inflow. The mid-level pressure velocity, Adwsgg-709, 1S averaged over the 500-700 hPa layer,
291  with negative values denoting enhanced ascent. Precipitation, AP, represents the rainfall response. The
292  zonal wind at 850 hPa is used because the southwesterly monsoon inflow opposes the climatological low-
293  level easterly flow over the Sahel. A strengthening of the monsoon inflow therefore appears as an increase

294  in ugsg, corresponding to a weakening of the easterly component.
295
296 3 Results

297 3.1 Saharan dust SSA spread and present-day model evaluation

10
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300 Figure 1. Saharan dust SSA and observational constraint. (a) Sahara and Sahel analysis domains over
301  MODIS IGBP land cover, with the five AERONET stations used to derive the observational SSA
302  constraint marked by red circles. (b) Sahara-mean column SSA at 550 nm for the eight CMIP6 models.
303  Bars show the median, error bars show the 25th—75th percentile range, and diamonds show the mean. Bar
304  colors distinguish the low- and high-SSA groups used for composite analyses. The red horizontal bar
305 marks the AERONET mean SSA, and the yellow band denotes the AERONET-based observational

306  constraint. Models are ordered by increasing SSA.
307

308 Figure 1a shows the Sahara and Sahel analysis domains together with the five AERONET stations used

309 for the observational SSA constraint. Figure 1b shows the Saharan column SSA, Egah, for the eight
310 analyzed models. The model spread is large, ranging from 0.875 in GFDL-ESM4 to 0.976 in MPI-ESM-
311 1-2-HAM. This range spans strongly absorbing to nearly scattering dust regimes, indicating that the

11
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312  models differ substantially in their representation of Saharan dust absorptivity.

313 The AERONET-based observational constraint, 0.9543 + 0.0060, lies within the modeled range but not
314 near its centre. Four models fall below the observed range, GFDL-ESM4, CNRM-ESM2-1, UKESM1-0-
315 LL, and IPSL-CM6A-LR-INCA, indicating dust that is more absorbing than the observational estimate.
316  Three models fall above the observed range, EC-Earth3-AerChem, NorESM2-LM, and MPI-ESM-1-2-
317  HAM, indicating dust that is more scattering than the observational estimate. Only MIROCS6 lies within
318  the observed range. The observed SSA therefore separates the ensemble into models that are too absorbing

319  and models that are too scattering, rather than revealing a common bias shared by all models.

320 This interpretation is supported by an internal consistency check using our in-house UKESMI1
321 configuration, in which the dust-only SSA can be calculated directly from the model-internal Mie optical
322  properties. We compare this Mie-calculated dust SSA with the CMIP6 model-output aerosol SSA used in
323 this study (Fig. S1). The Mie-calculated dust SSA varies only weakly across the Saharan grid boxes,
324  whereas the model-output aerosol SSA shows a broader spread because it represents the total aerosol
325  column and is therefore affected by the local dust fraction. To assess this effect, Fig. S1 compares all

326  Saharan grid boxes with subsets increasingly dominated by dust, selected using the 25th, 50th, and 75th

550

axtdust / Tooteer - The model-output aerosol SSA is

327  percentiles of the dust fraction, defined as 7
328  systematically higher than the Mie-calculated dust SSA, but this positive bias decreases as the analysis is
329  restricted to more dust-dominated grid boxes. This tendency suggests that part of the offset arises from
330 non-dust aerosol contributions to the total-aerosol SSA, while the reduced bias under dust-dominated
331  conditions supports the use of the CMIP6 model-output SSA as an effective proxy for Saharan dust
332 absorptivity. Nevertheless, this diagnostic should be interpreted as a total-aerosol column SSA rather than

333 an exact dust-only optical property.

334 Before examining the dust-perturbed response, we evaluate the present-day summertime climatological
335 mean state in the same models. Figure 2 compares JJA precipitation and Saharan AOD in the CMIP6
336  historical simulations against two observational products. The models generally reproduce the observed
337  precipitation patterns (Fig. S3), with correlations of 0.74-0.94. However, most models overestimate the
338  meridional rainfall contrast, consistent with known CMIP6 biases over West Africa (Fig. S3; Toolan et al.,
339  2025). This bias affects the amplitude of the summertime rainfall climatology but does not substantially

340  displace the rainband that is central to the mechanism examined below.

341 The present-day summertime Saharan AOD climatology is less consistently reproduced, as shown by
342  large spread in spatial correlations with the MODIS observations (Fig. 2). NorESM2-LM shows a distinct
343  spatial pattern, with excessive AOD in the eastern Sahara and too little AOD in the west (Fig. S4), so its

12
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correlation with MODIS nearly vanishes. GFDL-ESM4 and IPSL-CM6A-LR-INCA overestimate
Saharan AOD relative to observations, whereas most other models underestimate it. This discrepancy in
the simulated summertime dust climatology is a known limitation of current CMIP6 dust simulations
(Zhao et al., 2022; GliB3 et al., 2021), and motivates the focus on SSA as an intensive optical property

rather than on dust amount alone. The following subsection examines how this spread in Saharan dust

(b) Saharan AOD (JJA)
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Figure 2. Present-day evaluation of West African precipitation and Saharan dust loading. (a) Taylor
diagram of JJA-mean precipitation over West Africa (0-35° N, 20° W-35° E, land only) for CMIP6
historical simulations (1995-2014), evaluated against GPCP (circles) and CHIRPS (triangles). (b) As in
(a) but for 550 nm AOD over the Sahara (15-35° N, 20° W-35° E), evaluated against MODIS (circles)
and MISR (triangles) for 2003—2014. Marker shape denotes the reference dataset, and marker color and
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357  number identify individual models. Standard deviations are normalized by that of the corresponding
358  reference dataset, so the black dot marks the reference point for both datasets. (c) Pattern correlation (top)
359  and standardized bias (bottom) of JJA-mean precipitation and Saharan AOD for each model and the multi-
360 model mean (MMM), relative to GPCP precipitation and MODIS AOD. Standardized bias is defined as

361  (model — observation)/c_obs.
362
363 3.2 SSA control of Saharan SW forcing due to aerosol-radiation interactions

364 The spread in Saharan dust absorptivity is reflected directly in the representation of SW forcing by the
365  models. The total dust ERF over West Africa shows substantial inter-model disagreement in both sign and
366  magnitude (Fig. S5). The multi-model mean is weak and spatially heterogeneous, with positive values
367  over parts of the Saharan interior and negative values over the Atlantic outflow region (Fig. S5a). Sign
368  agreement is also limited over broad parts of North Africa, indicating that the models do not produce a
369  robust forcing sign in this region. The inter-model standard deviation exceeds 3 W m™2 over large parts of
370  the Saharan interior and is comparable to, or larger than, the multi-model mean response (Fig. S5b). An
371 APRP variance decomposition shows that this spread is dominated by SW aerosol-radiation terms, with
372  the largest contributions from SW aerosol absorption and SW aerosol scattering, whereas cloud-related,

373 surface-albedo, and LW terms are comparatively small (Fig. S5c¢).

374 The model-by-model decomposition shows why the sign of ERFoy differs across the ensemble. Low-
375  SSA models generally produce near-zero to positive Sahara land-mean ERFSY, ranging from +0.01 W
376 m7?in UKESMI-0-LL to +4.76 W m™2 in CNRM-ESM2-1 (Fig. S6). In contrast, all High-SSA models
377  produce negative Sahara land-mean ERF5Y , between —1.73 and —2.41 W m™ (Fig. S6). This sign
378  separation arises from the balance between scattering and absorption. Here, the scattering and absorption
379  components are the APRP terms defined in Appendix A, which express the TOA SW flux change
380 attributable to changes in atmospheric scattering and absorption, respectively. The absorption component
381 is therefore a TOA quantity, distinct from the atmospheric SW absorption (TOA minus surface) used in
382  Sect. 3.3. A positive absorption component indicates that enhanced dust absorption reduces the planetary
383  albedo. The SW scattering component is negative in all models and therefore acts as a cooling term
384  irrespective of SSA group (Fig. S7). The SW absorption component, however, differs strongly between
385  the two groups. It is large and positive in the Low-SSA models, reaching +6.57 W m2 in CNRM-ESM2-
386 1and+5.29 W m2in IPSL-CM6A-LR-INCA, but remains weak in the High-SSA models, from —0.09 to
387  +1.05 W m (Fig. S8). Thus, the Low-SSA models produce positive or near-zero net ERFany because

388  strong absorption offsets or exceeds scattering cooling, whereas the High-SSA models produce negative

14
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389  forcing because weak absorption does not compensate for scattering cooling. Over the bright Saharan
390 surface, this compensation is amplified by multiple reflections between the dust layer and the surface,
391  because surface-reflected SW radiation passes through the absorbing layer again (Shell and Somerville,
392  2007). The APRP single-layer formulation explicitly accounts for this surface—atmosphere multiple

393  reflection (Taylor et al., 2007), so the effect is contained in the absorption component.
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396  Figure 3. SSA-based emergent constraint on Saharan ERFY. (a) Sahara-mean dust single-scattering
397  albedo at 550 nm versus Sahara-mean ERFay across the eight analyzed CMIP6 models, with the
398  ordinary least-squares regression and its 95 % prediction interval. The green band marks the AERONET-
399  based observational SSA constraint, and the orange band marks the corresponding SSA-constrained range
400 of ERFg‘rAi/. (b) Prior model distribution and SSA-constrained distribution of Sahara-mean ERFg‘rAi].
401 Vertical dashed lines indicate the corresponding means, and horizontal bars show the 95 % ranges. The

402  inset variance decomposition shows the relative contributions of observational SSA uncertainty and

403  regression residual uncertainty to the SSA-constrained distribution.

404 Figure 3a quantifies this dependence on Saharan column SSA. Across the eight analyzed models,
405  Sahara-mean ERF;Y}’ decreases with increasing SSA, and a linear fit explains much of the inter-model
406  spread (R2 = 0.72). The lower-SSA, more absorbing models occupy the positive or weakly negative
407  forcing side of the relationship, whereas the higher-SSA, more scattering models occupy the negative
408  forcing side. This relationship confirms that the inter-model spread in Saharan ERFSY s primarily

409  controlled by dust absorptivity rather than by scattering alone.

410 Because SSA is observable, this forcing spread can be constrained. The AERONET-based SSA
411 constraint lies within the modeled SSA range (Fig. 3a). The resulting SSA-constrained distribution gives

15
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412 a Sahara-mean ERF?A’ centered near —0.66 W m™2, with a 95 % interval of —3.87 to +2.53 W m (Fig.
413 3b). Because this constrained interval still spans zero, the SSA-based emergent constraint narrows the
414  plausible range of Saharan ERF5% but does not determine its sign at the 95 % level. The posterior
415  distribution is narrower than the prior model spread, and the uncertainty decomposition shows that most
416  of the remaining constrained variance is associated with regression residual uncertainty rather than
417  observational SSA uncertainty (Fig. 3b). The relationship is, however, carried mainly by the contrast
418  between the two SSA groups, with no model falling between them, and it is not resolved within either
419  group, which contain only four models each. Because the AERONET constraint lies in this gap, the

420  constrained estimate relies on the assumed linearity rather than being anchored by individual models.

421 The SSA—forcing relationship is not simply a consequence of differences in dust amount. The models
422  show substantial spread in both background AOD and the imposed dust-induced AOD perturbation (Fig.
423 S9). For example, IPSL-CM6A-LR-INCA has the largest piClim-control AOD and AAOD, while several
424 High-SSA models also produce sizeable AAOD values (Fig. S9a,c). Similarly, AAOD and A4AAOD are
425  generally larger in the Low-SSA models, but their values still vary within each group (Fig. S9b,d). More
426  directly, AAOD is essentially uncorrelated with Saharan SSA (R2 = 0.01; Fig. S10b). By contrast, the
427  forcing efficiency, defined as n = ERFES,XiV /AAOD, retains a strong dependence on SSA (R2 = 0.71; Fig.
428  S10a). This confirms that the emergent relationship in Fig. 3 is primarily an optical-property constraint

429  rather than a constraint on the magnitude of the dust optical-depth perturbation.
430

431 3.3 Dynamical pathway from Saharan absorption to Sahel rainfall
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Figure 4. SSA-dependent heat-low and monsoon circulation response. Low-SSA more absorbing
composite (a, d), High-SSA more scattering composite (b, e), and Low—High difference (c, f) of the West
African monsoon response. (a)—(c) Changes in lower-tropospheric atmospheric thickness, ALLAT =
A(Z700 — Z935), shown by shading, sea-level pressure by contours, and 1000-850 hPa winds by vectors.
The green line denotes the intertropical discontinuity (ITD), and the red line denotes the intertropical
convergence zone (ITCZ). (d)—(f) Zonal-mean cross-sections averaged over 15° W—15° E, showing
cloud-fraction change by shading, temperature change by contours, and the anomalous meridional
overturning circulation by vectors (4v, —4Aw). In (¢) and (f), stippling marks Low—High differences
significant at the 95 % level based on a permutation test. Grey shading indicates regions where the 925

hPa level lies below the surface in at least one model.

Having established that SSA controls the sign and magnitude of Saharan ERFSY, we next examine
how this optical difference propagates into the West African monsoon circulation. SSA sets the fraction

of dust extinction that is absorbed rather than scattered, but the absorbed SW energy also depends on the
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447  dust optical-depth perturbation, its vertical distribution, and the surface albedo beneath it. Thus, for a
448  comparable increase in dust optical depth, lower SSA implies that a larger fraction of the extinguished
449  SW radiation is absorbed, while higher SSA implies that a larger fraction is scattered. In the model
450  ensemble, the atmospheric SW absorption response reflects both dust amount and dust absorptivity, while
451  the systematic Low-SSA and High-SSA contrast highlights the role of absorptivity in shaping the

452  monsoon response.

453 Figure 4 compares the Low-SSA and High-SSA composites, together with their difference, for lower-
454  tropospheric thickness, sea-level pressure, low-level winds, ITD, ITCZ, cloud fraction, temperature, and
455  overturning circulation. The Low-SSA group shows stronger warming-induced expansion of the lower
456  troposphere over the Sahara, consistent with more efficient SW absorption by the dust perturbation. This
457  response is accompanied by lower sea-level pressure over the Saharan interior and enhanced low-level
458  monsoon inflow from the south and southwest. In contrast, the High-SSA group shows a weaker and more
459  spatially limited heat-low and monsoon-flow response. The Low—High difference highlights a coherent
460  heat-low contrast, with stronger lower-tropospheric thickening, lower Saharan pressure, and enhanced

461  cyclonic low-level circulation over North Africa.

462 The ITD and ITCZ shifts are consistent with this circulation response. In the Low-SSA group, both
463  boundaries move northward, whereas in the High-SSA group they tend to shift southward or respond
464  more weakly. This contrast indicates that, when dust emissions are increased, more absorbing dust
465  deepens the Saharan heat low and draws the monsoon convergence zone farther north, whereas more
466  scattering dust produces a weaker or opposite monsoon response (Fig. 4a—c). This northward
467  displacement is consistent with observational evidence that summertime Saharan dust outbreaks are
468  accompanied by a northward shift of the Atlantic ITCZ (Wilcox et al., 2010), and with model simulations
469  in which Saharan dust shifts the ITCZ northward and enhances the West African monsoon (Pan et al.,
470  2018).

471 The vertical structure further supports this interpretation. In the Low-SSA composite, the zonal-mean
472 cross-section shows warming over the Sahara and enhanced ascent near the Sahel rainband, together with
473  anorthward displacement of the low-level convergence and upper-level outflow structure (Fig. 4d). The
474  High-SSA composite shows a weaker and more southward-confined response (Fig. 4e). The Low—High
475  difference emphasizes this contrast, with stronger ascent and increased cloud fraction near the northern
476  side of the climatological rainband (Fig. 4f). These results show that the dust-emission perturbation
477  produces contrasting monsoon-circulation tendencies in the two SSA groups. The Low-SSA group shows
478  monsoon strengthening, while the High-SSA group shows monsoon weakening or a reduced response.

479  This contrast is also evident in the model-by-model precipitation response (Fig. S11). All Low-SSA
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models show a positive change in the Sahel rain-band area under the dust-emission perturbation, whereas
all High-SSA models show a negative change. Thus, the composite precipitation contrast in Fig. 4 reflects

a systematic difference between the absorbing and scattering dust groups.
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Figure 5. Inter-model pathway from Saharan dust absorption to Sahel rainfall. Each panel shows one step
in the proposed response chain across the eight analyzed CMIP6 models: (a) Saharan column SSA versus
clear-sky atmospheric SW absorption over the Sahara, (b) SW absorption versus 500-700 hPa
temperature, (c) temperature versus lower-tropospheric atmospheric thickness, (d) thickness versus sea-
level pressure, (e) Saharan sea-level pressure versus Sahel 850 hPa zonal wind, (f) Sahel 850 hPa zonal
wind versus 500—700 hPa pressure velocity, and (g) pressure velocity versus precipitation. Red and blue
markers denote Low-SSA and High-SSA models, respectively, with marker shapes identifying individual
models. Dashed lines show ordinary least-squares fits, and R? values are shown in each panel. Positive

Augso indicates stronger monsoon inflow, and negative Awsgg-79¢ indicates stronger ascent.

Figure 5 tests whether this pathway also appears across individual models. The inter-model
relationships follow the expected sequence. Lower Saharan column SSA is associated with stronger clear-
sky atmospheric SW absorption over the Sahara because lower SSA corresponds to a larger absorption
fraction of aerosol extinction. Stronger SW absorption is then associated with warmer mid-tropospheric
temperatures, and this warming is linked to increased lower-tropospheric atmospheric thickness. The

thickness increase is associated with lower Saharan sea-level pressure, consistent with hydrostatic
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500 deepening of the Saharan heat low. The pressure response is then linked to stronger Sahel low-level

501  monsoon inflow, enhanced mid-tropospheric ascent, and increased Sahel precipitation.

502 Most links in this sequence show strong inter-model relationships, indicating that the models are
503  ordered along a common physical pathway rather than responding independently at each step (Fig. 5).
504  The first link, between SSA and SW absorption, is weaker than the downstream links because SW
505  absorption is controlled by both the amount of added dust and its absorptivity. However, once the SW
506  absorption anomaly is established, the subsequent thermodynamic, dynamic, and precipitation responses
507  are highly coherent. These results collectively show that the rainfall response is not controlled by dust
508 loading alone, but by how dust absorptivity regulates Saharan atmospheric heating, the Saharan heat low,

509  and the associated monsoon circulation.
510

511 3.4 Cloud-radiative response and propagation of the forcing constraint
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514  Figure 6. SSA-dependent cloud-radiative and precipitation response. Low—High SSA composite
515  differences in (a) ERFSW, (b) ERFLY, (c) cloud fraction, and (d) precipitation. Contours in (d) show the

516 850 hPa moisture-flux convergence response. Stippling marks differences significant at the 95 % level

517  based on a permutation test. (¢) Regional-mean responses over the Sahel (0—15° N, 20° W—15° E) and
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518  tropical North Atlantic (TNA; 0-15° N, 60-40° W) for High-SSA and Low-SSA groups. Bars show
519  group means, symbols show individual models, and A denotes the Low—High difference. Asterisks
520 indicate statistically significant Low—High differences. Red and blue colors denote Low-SSA and High-
521  SSA groups, respectively.

522

523  The SSA-dependent monsoon response is accompanied by a systematic cloud-radiative adjustment.
524  Figure 6 shows the Low—High SSA difference in ERFSY, ERFeu, cloud fraction, and precipitation. Over
525  the Sahel, the Low-SSA group shows increased cloud fraction and precipitation relative to the High-SSA
526  group, together with a more negative ERFS% (Fig. 6a,c,d). This pattern is consistent with the dynamical
527  pathway identified in Sect. 3.3, in which stronger Saharan absorption deepens the Saharan heat low,
528  enhances monsoon inflow, and strengthens ascent over the Sahel. The resulting increase in cloudiness

529  enhances SW reflection and produces a negative SW cloud-radiative response.

530  The regional-mean diagnostics confirm that the Sahel response is the most robust component of the cloud
531  adjustment. The Low-SSA group produces a more negative Sahel ERFsw, increased cloud fraction, and
532  increased precipitation relative to the High-SSA group (Fig. 6e). Over the Sahel, the Low—High difference
533 in ERFg‘c"i/ (—4.03 W m™) is significant and about 2.5 times larger in magnitude than the opposing, non-
534  significant LW difference (+1.59 W m™2). The net cloud-radiative adjustment over the Sahel is therefore
535  negative and dominated by enhanced SW reflection from the increased cloud cover. Over the tropical
536  North Atlantic, the response tends to have the opposite sign. The Low-SSA group shows reduced cloud
537  fraction and precipitation, together with a more positive SW cloud-radiative response relative to the High-
538  SSA group. Over the TNA, however, the SW (+3.20 W m2) and LW (—3.18 W m™) differences nearly
539  cancel, so the dipole is expressed in the SW component rather than in the net cloud-radiative response.
540  These TNA regional-mean differences are less robust than those over the Sahel, but their opposite sign
541  indicates that the response is not confined to the continental rainband. Instead, it extends westward into

542  the tropical Atlantic as part of a broader monsoon-cloud adjustment.

543
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545  Figure 7. Propagation of the SSA constraint to the Sahel SW cloud-radiative response. (a) Multi-model
546 mean ERFje. Hatching marks regions where fewer than six of eight models agree on the sign. (b) Inter-
547  model regression slope of local ERFow against Sahara-mean ERF . Stippling marks slopes significant
548  at the 95 % level (two-tailed t test, df = 6, uncorrected for field significance). (c) Sahara-mean ERFay
549  versus Sahel-mean ERFaCl (d) Sahara-mean ERF§¥Y versus the Sahel-TNA dipole of ERF?CA{. Dashed
550 lines in (c) and (d) show ordinary least-squares fits. () Prior model distribution and SSA-constrained
551  distribution of Sahel-mean ERF?C/Y. The variance bar shows contributions from observational SSA

552 uncertainty, the SSA-to—ERF;Y}/ relationship, and the ERF?}'Y—to—ERFgX}’ relationship.
553

554  Figure 7 examines whether this cloud-radiative adjustment is organized by the SSA-controlled Saharan

555 ERF'.Jlrl The multi-model mean ERFaCl shows weak sign agreement over broad parts of West Africa and
556  the tropical North Atlantic (Fig. 7a). This indicates that the raw ensemble mean alone does not provide a

557  robust sign or spatial structure of the SW cloud-radiative response. However, the local regression of

558 ERFflg against Sahara-mean ERF f,}.",’ reveals a clearer structure, with negative sensitivity over the Sahel

559  and positive sensitivity over parts of the tropical North Atlantic (Fig. 7b). Models with more positive

560  Saharan ERFsw therefore tend to produce stronger negative SW cloud-radiative response over the Sahel

561  and an opposite-signed response over the Atlantic.

562  The regional regressions support this interpretation. Sahara-mean ERFg‘rA,-’ explains a large fraction of the
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563  inter-model spread in Sahel ERFaer (Fig. 7c). The same relationship holds for the Sahel-TNA ERFog
564  dipole (Fig. 7d), which we present as a robustness check rather than as independent evidence, because the
565  two predictands are highly correlated across the ensemble. Thus, although the ACI response is diverse
566 in the raw ensemble, much of its spatial contrast is organized by the SSA-controlled Saharan ERFan.
567  This result links the local dust optical property to a downstream cloud-radiative response through the
568 circulation pathway developed in Sect. 3.3. As for the SSA—forcing relationship in Fig. 3, this regression
569 s carried mainly by the contrast between the two SSA groups. Within the High-SSA group, Sahel ERFSY
570  shows little dependence on Sahara ERFan, so the relationship is better interpreted as a contrast between
571  dust-absorption regimes than as a continuous sensitivity. Moreover, the constrained Sahara-mean ERF3Y
572  lies between the two groups, so the second propagation step also interpolates across a range not sampled

573 by any model.

574  The emergent constraint in Fig. 7¢ is applied through a two-step propagation. First, the AERONET-based
575  SSA constraint is used to constrain Sahara-mean ERFg‘rA{, as described in Sect. 3.2. The resulting
576  constrained ERFaw distribution is then passed through the inter-model regression between Sahara
577 ERFan and Sahel ERFan, with regression residual uncertainty included in the prediction. This approach
578  constrains the Sahel cloud-radiative response through the physically motivated pathway from

579  SSAgps to ERFan, and to ERF5Y, rather than by directly regressing Sahel cloud forcing on SSA alone.

580  The variance decomposition in Fig. 7e is calculated from the same Monte Carlo framework. The posterior
581  variance is separated into contributions from observational SSA uncertainty, the SSA-to- ERF§¥¥
582  regression residual, and the ERFg‘rAi/-to-ERng\i’ regression residual. The observational SSA uncertainty
583  contributes only a small fraction of the posterior variance, while most of the remaining uncertainty comes
584  from the two regression residual terms (Fig. 7e). This indicates that the limiting uncertainty is not the
585  precision of the AERONET SSA estimate, but the model spread in how Saharan dust absorption is

586  converted into ERFg‘rA,-’ and then into cloud-radiative adjustment.

587 The SSA-constrained distribution of Sahel ERFsY is narrower than the prior model distribution, but
588 it still spans zero (Fig. 7e). Therefore, the observational SSA constraint reduces the plausible range of the
589  Sahel SW cloud-radiative response but does not determine its sign. This result reinforces the central
590 interpretation of this study. Saharan SSA constrains the partitioning of dust extinction into scattering and
591  absorption, which organizes the Saharan ERFg‘rAi/, the heat-low and monsoon response, and part of the
592  downstream cloud-radiative adjustment. However, the final Sahel ACI response also depends on model
593  differences in circulation-cloud coupling and cloud-radiative processes, which remain important sources

594  of uncertainty.
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595
596 4 Summary and conclusions
597 Saharan dust single-scattering albedo is an observable intensive optical property that characterizes how

598 efficiently dust extinction is partitioned into scattering and absorption. In this study, we used the
599  AerChemMIP piClim-2xdust ensemble to examine how this optical property organizes the response to an
600 idealized dust-emission perturbation. We focused on the physical and dynamical pathways from Saharan
601 ERFg‘rAi’, through the Saharan heat low and West African monsoon circulation, to the downstream SW
602  cloud-radiative response over the Sahel and tropical North Atlantic. This framework allows us to ask how
603  far an observational constraint on dust absorptivity can propagate through a coupled forcing, circulation,

604  and cloud-response system.

605 The first result is that Saharan column SSA strongly organizes the local ERFaw. Across the eight

606  models, Sahara-mean ERF?Q’ decreases systematically with increasing SSA. An APRP decomposition
607  further shows that this spread is controlled mainly by the SW scattering and absorption components, rather
608 than by cloud-mediated or LW terms. Lower-SSA models produce stronger atmospheric absorption and
609  near-zero to positive ERFES,ri’ over the bright Saharan surface, whereas higher-SSA models produce more
610 negative ERF5Y dominated by scattering. Applying the AERONET-based SSA constraint gives a
611  constrained Sahara-mean ERF?,‘Q’ centered near zero, at —0.66 W m2, with a 95 % interval of —3.87 to
612  +2.53 W m2 This constraint narrows the plausible range of Saharan ERFSY but does not determine its
613  sign. The relationship is not simply a dust-loading effect, because the dust-induced AOD perturbation is
614  weakly related to SSA, whereas SW forcing efficiency depends strongly on SSA.

615 The second result is that the SSA-dependent ERFSY is linked to a coherent monsoon circulation
616  response. SSA sets the fraction of dust extinction that is absorbed, while the absorbed energy also depends
617  on the dust optical-depth perturbation and the underlying surface. For a given perturbation, lower SSA
618  therefore increases the absorbed fraction of the extinguished SW radiation, while higher SSA increases
619  the scattered fraction. In the Low-SSA group, stronger Saharan absorption warms and expands the lower
620  troposphere, deepens the Saharan heat low, strengthens low-level monsoon inflow, enhances Sahel ascent,
621  and favors increased precipitation. In the High-SSA group, the weaker absorption response leads to a
622  weaker or opposite monsoon tendency. Thus, the same dust-emission perturbation produces contrasting
623  monsoon responses depending on dust absorptivity. The inter-model pathway therefore indicates that dust

624  absorptivity helps organize the simulated West African monsoon response.

625 Although the raw SW cloud-radiative response lacks robust sign agreement across the ensemble, it
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626  becomes more coherent when conditioned on Saharan dust absorptivity and ERF3y. The multi-model

627 mean ERFSY shows weak sign agreement over much of West Africa and the tropical North Atlantic,
628 indicating that the unconstrained ACI response is not robust. However, the Low-SSA group shows
629 increased cloud fraction and precipitation over the Sahel, together with a more negative Sahel ERFSY,
630  consistent with enhanced SW reflection by increased cloudiness. The response also projects onto the
631  tropical North Atlantic as part of a Sahel-TNA cloud-radiative dipole. This suggests that the ACI response
632 s not independent of the dust ERFaw , but is partly organized by the SSA-dependent circulation

633  adjustment.

634 The observational constraint is propagated to the cloud response in two steps. The AERONET-based
635  SSA constraint first constrains Sahara-mean ERFg‘r’Y, and the resulting constrained ERF:W distribution
636  is then passed through the inter-model relationship between Sahara ERF5y and Sahel ERFay . This
637  physical and dynamical pathway from SSAgps to ERFSY and to ERF5Y reduces the spread of Sahel
638 ERFg‘C’}/. The standard deviation decreases from 2.33 to 1.87 W m™2, corresponding to a reduction of about

639 20 %, or roughly one third of the variance. However, the constrained range still spans zero, so the sign of

640  the Sahel SW cloud-radiative response remains unresolved.

641 The variance decomposition shows why this uncertainty remains. Only a small fraction of the posterior

642  variance is associated with observational SSA uncertainty. Most of the remaining variance comes from

643  the residual scatter in the SSA-to-ERFg‘r’Y relationship and in the ERF;S,YY—to—ERFg‘C’Y relationship. This

644  indicates that improving the observational precision of SSA alone would not fully resolve the problem.

645  Further progress requires constraints on dust particle size, vertical distribution, and other extensive dust
SW

646  properties that affect ERF;y, as well as better representation of circulation-cloud coupling and cloud-

647  radiative processes that control the downstream ACI response.

648 Because the piClim experiments prescribe SSTs, these results should be interpreted as rapid
649  atmospheric adjustments to dust forcing rather than as fully coupled monsoon responses. The central
650  conclusion is therefore not that SSA uniquely determines the Sahel cloud response. Rather, an observable
651  dust optical property organizes a substantial part of the pathway from Saharan ERFSY to monsoon
652  circulation and downstream cloud-radiative adjustment. The SSA constraint reduces uncertainty in both
653 local ERFSY and remote Sahel cloud response, but it does not eliminate sign uncertainty. This result
654  highlights the value of intensive optical constraints for regional aerosol-climate studies, while also
655  showing where additional model and observational constraints are needed to reduce uncertainty in dust-

656  driven monsoon and cloud responses.

657
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658 Appendix A: APRP term grouping used in this study

659 We use the Approximate Partial Radiative Perturbation (APRP) method to decompose the SW TOA
660 radiative response between piClim-control and piClim-2xdust into surface-albedo, non-cloud
661  atmospheric, and cloud-mediated components. The full APRP formulation is given by Taylor et al. (2007)
662  and Zelinka et al. (2014). Here we describe only the term grouping and implementation used in this study.

663 For each model, APRP is applied to monthly radiative fluxes from piClim-control and piClim-2xdust.
664  The perturbation is defined as piClim-2xdust minus piClim-control. Each APRP-diagnosed planetary-

665  albedo contribution is converted to a TOA SW flux anomaly as
666 AF, = —=SW' 44, (A1)

667 where SW' is the incoming SW radiation at the TOA, and AA, is the APRP-diagnosed contribution to
668  planetary albedo change from term x. Positive AF, therefore denotes an increase in net downward SW

669 radiation at the TOA.

670 Following Zelinka et al. (2014), the APRP decomposition yields nine SW terms. In this study, t; and
671  t, denote the clear-sky and overcast surface-albedo contributions. Terms t, and t3 denote the clear-sky
672  non-cloud atmospheric scattering and absorption contributions. Terms ts and tg denote the overcast
673  non-cloud atmospheric scattering and absorption contributions. Term t; denotes the cloud-fraction

674  contribution, and tg and tg denote cloud scattering and cloud absorption contributions.

675 The scaling uses the downwelling TOA SW flux rather than the net SW flux, following Zelinka et al.

676  (2014). Because prescribed insolation is identical in piClim-control and piClim-2xdust, SW' is the same

677  in the two experiments.
678 We define ERF5y as the sum of the non-cloud atmospheric scattering and absorption terms,
679 ERFSY = t, + t5 + ts + tg. (A2)

680  Here, ERF§¥¥ represents the non-cloud atmospheric scattering and absorption response. For the

681  scattering—absorption decomposition used in Sect. 3.2, we further separate this term into

682 ERFitscat = t2 + t5, and (A3)
683 ERF3labs = t3 + L. (A4)
684 ERFSY is defined as the sum of the cloud-mediated terms,

685 ERFo = t; + tg + to. (A5)
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686 Here, ERFay represents the cloud-mediated SW response. It should therefore be interpreted as a cloud-
687  radiative adjustment associated with the dust perturbation, not necessarily as a purely microphysical dust-

688  cloud interaction.

689 The SW surface-albedo contribution is defined as
690 ERFSY = t; + t4. (A6)
691 The LW terms are diagnosed separately because APRP is a SW albedo decomposition. We define

692  ERFLY as the change in LW cloud radiative effect,

693 ERFi = 4 (LW{, — LW'), (A7)
694  and ERF{;X}’ as the clear-sky residual,

695 ERFLW = —ALW],.. (A8)
696  Their sum gives the total LW TOA response,

697 ERFYY + ERFLY = —ALW', (A9)

698 All APRP terms are computed from monthly fields on each model native grid, averaged over the 30-
699  year climatology, and then regridded to the common 1° x 1° analysis grid. A minimum cloud-fraction
700  threshold of 0.02 is applied only to the overcast and cloud-related terms, t;—tq, to avoid unstable overcast
701  reconstruction when cloud fraction is very small. The clear-sky aerosol terms t, and t3, which contain

702  the clearest Saharan dust absorption signal, are unaffected by this threshold.

703 This grouping is used to identify whether the inter-model spread in Saharan ERFSY arises mainly
704  from dust scattering or dust absorption, while retaining a consistent decomposition for all models using

705  standard archived radiative fluxes.

706
707 Appendix B: Sensitivity of Saharan column SSA to the low-extinction threshold
708 Grid-cell SSA can become unstable where total aerosol optical depth is very small, because the ratio

709 T30 / T30, is then sensitive to small numerical differences. We therefore tested whether the Saharan-
710  mean SSA depends on the low-extinction threshold used when obtaining grid-cell SSA. We repeated the
711 calculation using 7320, thresholds from 0.001 to 0.01. The Saharan-mean SSA changes negligibly
712 across this range, and the model ordering remains unchanged. This weak sensitivity reflects the fact that

713 the Saharan land mask is dominated by optically thick dust-laden grid cells. The threshold therefore has
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714 little influence on the regional SSA used in the main analysis.

715
716 Appendix C: AERONET inversion products and Saharan SSA estimate
717 We estimate Saharan dust SSA from AERONET Version 3 Level 2.0 inversion products at five stations

718  within or near the Saharan dust domain, Tamanrasset, El Farafra, Ouarzazate, Bordj Badji Mokhtar, and
719  Bodélé. AERONET inversion products retrieve columnar aerosol optical properties from Sun and sky
720  radiance measurements, and Level 2.0 products are quality-assured and cloud-screened. Because reliable
721 SSA retrievals require sufficiently high aerosol loading, the selected observations preferentially sample

722  dust-dominated conditions over these Saharan and near-Saharan stations.

723 AERONET reports SSA at 440, 675, 870, and 1020 nm. We interpolate the spectral SSA to 550 nm
724  using a cubic spline and average the five station values. The resulting Saharan dust SSA is 0.9543, with
725  an inter-station standard deviation of 0.0060, which we use as a conservative measure of regional
726  representativeness uncertainty. As an independent check, North African dust measurements from Di
727  Biagio et al. (2019) give a source-mean SSA of about 0.957 at wavelengths bracketing 550 nm, close to
728  the AERONET-based estimate. The Bodélé soil sample from Di Biagio et al. (2019) is not used in the
729  constraint because its diatomite-rich composition gives an anomalously high SSA that is not

730  representative of typical North African dust.

731
732 Appendix D: Emergent-constraint uncertainty propagation
733 The emergent constraint is first applied to the relationship between Saharan column SSA and Saharan

734 ERF§¥¥ across the eight-model ensemble. For model i, we define X; as Saharan column SSA, and Y;

735  as Sahara-mean ERF?A/. We fit an ordinary least-squares (OLS) regression,

736 YL=B()+E1XI+EU (Dl)
737 where S, and B, are the intercept and slope, and ¢; is the residual.
738 Predictive uncertainty is estimated using the standard OLS prediction error, including both regression

739  residual variance and uncertainty in the fitted mean response. The 95 % prediction interval is then

740  calculated using the Student-t quantile with n — 2 degrees of freedom.

741 To propagate the observational SSA constraint, we draw 4 x 10° samples from

742 Xobs ~ M (0.9543,0.0060°).
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743 For each sampled SSA value, we evaluate the regression prediction and add a Gaussian perturbation with
744  the corresponding prediction uncertainty. The resulting distribution combines observational SSA
745  uncertainty and regression predictive uncertainty. We report its mean and 2.5th—97.5th percentile range

746  as the SSA-constrained estimate of Sahara-mean ERF 2;1’
747
748  Code and data availability

749 All CMIP6 model output used in this study was obtained from the Earth System Grid Federation
750  (https://esgf-node.llnl.gov/projects/cmip6/, last access: 2 July 2026). The AerChemMIP piClim-control
751  and piClim-2xdust simulations use the rlilp1fl variant for EC-Earth3-AerChem, MPI-ESM-1-2-HAM,
752  NorESM2-LM, IPSL-CM6A-LR-INCA, GFDL-ESM4, and MIROCS, the rlilp1f2 variant for CNRM-
753  ESM2-1, and the rlilp1f4 variant for UKESM1-0-LL. The historical simulations use the same variants,
754  except for UKESM1-0-LL, for which the standard rlilp1f2 variant is used because the AerChemMIP

755  forcing index is not available for that experiment.

756 AERONET Version 3 Level 2.0 inversion products are available from https://aeronet.gsfc.nasa.gov
757  (last access: 14 May 2026). GPCP Precipitation Level 3 Monthly 0.5° V3.3 (GPCPMON) data are
758 available from the NASA Goddard Earth Sciences Data and Information Services Center
759  (https://doi.org/10.5067/MEASURES/GPCP/DATA306, last access: 22 June 2026), and CHIRPS version
760 2.0 from https://www.chc.ucsb.edu/data/chirps (last access: 23 June 2026). MODIS Aqua Level 3
761  monthly aerosol products (MYDO08 M3) are available from https://ladsweb.modaps.eosdis.nasa.gov (last
762  access: 27 February 2026), and the MISR Level 3 Component Global Aerosol product (MIL3DAEN
763  version 004) from the NASA Langley Atmospheric  Science  Data  Center
764 (https://asdc.larc.nasa.gov/project/MISR, last access: 25 June 2026).

765 The analysis code used in this study, including the APRP processing scripts and the scripts used to
766  generate all figures, is available at https://doi.org/10.5281/zenodo.23907868 (Kang, 2026).
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