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Abstract. Windblown dust emissions are geverned-controlled by near-surface wind speed and seil-sediment erodibility, the

latter influeneed-by-hydroclimate-conditions-and-tand-usemodulated by hydroclimate and land-use conditions. Accurate repre-
sentations of %ﬂﬂﬂﬂm&eﬁﬂwm%mm critical for reproducing historical dust

variability and projecting €us

the relative importance of wind speed versus five hydroclimate drivers in explaining the historical (1980-2014) variabilit

of dust emissions from global drylands. In hyperarid areas, models show poor agreement in the simulated dust variability,
with only +09% out of 210 pairwise-compatisons—showing-inter-model comparisons exhibiting significant positive correla-
tions. In contrast, arid and semiarid zones;-the-models-display-a-dipele-areas exhibit a dual pattern driven by a "double-edged
sword" effect of land surface memory: models with coherent hydroclimate variability show impreved-better agreement, whereas

those with divergent hydroclimate representations show inereased-disagreement—Meost-models-larger disagreement. While
the ESMs capture the dominant influenee-role of wind speed on-dust-emissions-in hyperarid areasexeept-GFPL-ESM4-and

respeetively—Incorperating-the—, they diverge markedly in the relative contributions of wind and hydroclimate drivers in arid

and semiarid areas. Replacing the Zender et al. 2003) dust scheme with the Kok et al. (2014) scheme in CESM and E3SM

influences while reducing wind speed contributions to simulated dust variability. MERRA-2 reanalysis produces stronger
wind influences than most ESMs over global drylands. These results underscore the need to-improve-the-representations—of
neatr-surface-winds—for improved low-level wind simulations in hyperarid areas and hydroclimate-and-land-surfaceprocesses
more realistic land surface and hydroclimate representations in arid and semiarid areas to reduce model-uneertainties-in-dust

emisston-estimatesuncertainties in global dust emission simulations.
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1 Introduction

and-wind-erostvitynear-surface wind speed and the supply and erodibility of fine-grain sediments, which collectively determine
the timing, location, duration, intensity;-and-impaets—and intensity of dust events(?). The most abundant sediment-supply
sediment supply is typically found in lew-relief-areas-low-relief regions with thick layers of fine;-uneonselidated-materials
generated-via-unconsolidated materials produced by weathering, fluvial, and/or aeolian processes {2)-Fhe-sediment-avatability

for-airborne-dust-productionis—stronghy-affeeted-by—(Bullard and Livingstone, 2002; Bullard et al., 2011). The erodibility of

these fine materials depends on environmental conditions such as surface soil moisture and sarface-armoring (e.g., vegetation,
soil efuskﬁeﬁ-efedib}eeeafse—pamelescrusts) which determine the minimum or thresholehwine-velociy required-to-initiate-dust

he-threshold wind velocity

eapture-the-environmental-controls-on-thethat must be reached to initiate the saltation-sandblasting process (e.g., Zender and Kwon, 2005; S

- The environmental controls of dust

emission have been incorporated into Earth system models (ESMs) via parameterizations of dust emission fluxes as a function
of various atmospheric, land surface, and soil parameters, many of which are interactively determined within the models. For

example, the horizontal saltation dust flux is calculated as a function of the third or fourth power of wind velocity, reflecting the

dominant role of infrequent, high-wind events in dust production (e.g., Owen, 1964; Bagnold, 1974; White, 1979; Kok et al., 2012

. Early parameterizations in ESMs use static dust source functions to represent the spatially Varying sediment supply, with high

ﬁwmwmmmmgmmwm
WWWMWWHhOM accountmg for depletion or replenishment over
ihity-, In addition, the sediment erodibility is
closely connected with hydroclimate and land surface processes in ESMs. Speeificatly;a-bare sottfraction-seating factoris-For
example, surface soil moisture, which is simulated by the land model component, is often used to exelude-non-erodible-strfaces
account for increases in erosion thresholds due to enhanced soil particle cohesion under wet conditions (Fécan et al., 1999).
Many ESMs also use the bare soil fraction to adjust dust emissions from areas partially covered by snow, ice, or vegetation. Veg-
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etation also inereases-acts to increase the aerodynamic surface roughness and reduces-the-wind-stress-actingreduce the available
wind shear stress exerting on erodible surfaces, which can be represented by a-drag-partitioningscheme 2 2)In-addition; ESMs

~
this effect is currently not considered in most ESMs (Raupach et al., 1993; Marticorena and Bergametti, 1995; Shao, 2001).

The-Numerous studies have evaluated the consistency and performance of current ESMs in simulating the global dust cycle
under the Aerosol Comparisons between Observations and Models (AeroCom) initiative and Coupled Model Intercompari-

son Project (CMIP)
Textor et al., 2006; Huneeus et al., 2011; Kim et al., 2014; Wu et al., 2020; Glif} et al., 2021; Zhao et al., 2022; Kim et al., 2024
. Overall, these studies suggest that modern- day dust aerosol column burden is reasonably constrained by ground- and satellite-

based aerosol optical depth (AOD)

toretrievals, leading to better inter-model agreement than those in dust emission and deposition estimates. ?-suggested-that
medel-tunings-Knippertz and Todd (2012) pointed out that model tuning to match satellite observations, e.g., via the use of

dust source functions, induee-induces a compensational effect between dust emission and deposition, both of which lack

direct observational constraints at g}ebaksea}esthe lobal scale. Indeed, previous AeroCom and CMIP model intercompar-

substantial discrepancies in global dust emission estimates, with differences spanning an order of magnitude, as well as
ersistent difficulties in reproducing historical dust variability and its relationships with key driving factors (Huneeus et al., 2011; Evan et al

. Kok et al. (2023) further suggested that current ESMs failed to capture the large-increase of global dust burden since prein-

dustrial times, likely due to inaccurate model representations of historieat-the climate and land-use ehanges-drivers of dust

emissions, and/or the dust sensitivity to these

land-surface-changes—driving factors.

The model discrepancies can be exptained;—atteastin—part—partly explained by the choice of dust emission schemes.
Earlier-generation-schemes-relied-on-empiricaltemporatty-invariant-Earlier schemes rely on static dust source functions to
shift emissions towards satellite-observed W%WW%M

, Whereas newer ¢
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ef ciency, de nedastheratioof theverticaldust ux tothesaltationux: someschemeassumaglobalconstanfe.g., Ginoux et al., 20C

fer-its-effectson-dustemission(e-g-222—speci cation of surfaceroughnesgength.In generalmoresophisticategschemes,

simulationsdue to differences in model con gurations (e.g., horizontal resolution, vertical leves)t

Moreover, ESMs employ differeqiarameterizationfor-planetary boundary layer arshibgridprocesseswhich-affectthe

layeraneHand-surfaceprecessesurface ux parameterizationgyhich. in uence the simulation of near-surfacevinds and
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Table 1. Summary ofthe Earth system models and aerosol reanalysis datasets considered in this study. Dust source funct'mm(mSF)

Model Resolution [ Wind DSF LAl Re
CESM2-CAM-ZendeCESM2-WACCM-Zender 0.9°1.25° 10 ud \4 Y
CESM2-WACCM-ZenddLESM2-CAM-Zender 0.9° 1.25° 10 ud Y Y
CESM2-CAM-Kok 0.9° 1.25° 10 ud N Y
E3SM2-Zender 1°1° 10 u Y  ¥N
E3SM3-Kok 1° 1° 10 ud N Y
CanESM5.0 2.8° 2.8° - }13: v 2y
CanESM5-ICanESM5.1 2.8°2.8° Bulk- Ul \4 \4
CNRM-ESM2.1 1.4°1.4° 20 ud N Y
EC-Earth3-AerChem 2°3° 20 ud Y N
GISS-E2.1-OMA 2° 2.5° 32 ulp Y N
GISS-E2.1-MATRIX 2° 2.5° 32 ulp Y N
GISS-E2.2-OMA 2° 2.5° 32 ul Y N
GFBL-ESM41° 1252043 Y- Y- 22 HadGEM3-GC31  0.6°0.8° 63 ud Y N
UKESM1.0 1.25° 1.9° 63 ud N Y
INM-CM5.0 15° 2°  Buik- u N N
IPSL-CMBA-LR 1.26° 2.5° Bulk- uip Y Y
MRI-ESM2.0 1.9°19° 20 ud N N
MIROC6 1.4° 1.4° 10 udo N Y
MIROC-ES2L 2.8°28° 10 udo N Y
MPI-ESM-1.2 1.9°1.9°  Buk- U’ Y Y
NorESM2 0.9° 1.25° 10 ud \4 N
MERRA2MERRA-2 0.5° 0.63° 20 ulp Y N
JRAero 1.1°1.1° 20 ud N N ) et al. (1996)

The remainder of this paper is organized as follows. Section 2 describes the EShMsuaalysisiatasetsonsideredn-this

165 stuelyaerosoreanalysmatasetsmd the dominance analy5|s techmqﬂeettequarmfwhej@n%anmelawgﬂwmee#dﬁs{
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2 Data and Approach

2.1 ESMs andaerosolreanalysispreduets-

historical experimeni(1980-2014)We For eachmodel,we use the rst ensemble member (rlilplfiym-eachmedekun-

CESM variantsusethe samedust emissionschemeof Zender et al. (2003) (hereafter the Zender scheme}beatiifferent

(Feng et al., 2022; Xie et al., 202%) key differencebetweerthetwo schemess that,the

Severabthermodelfamiliessharecommonheritagebutdiffer in physicsoptionsandcon gurations.Forexample CanESM5.1



MIROC6 adeptuse the dust scheme from the SPRINTARSesekmedute(?ymodell
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ng ESMs and reanalysis produetepresentinghe

235 tential evapotranspirationsingthe datafrom-2—TFhehyperaridfor

areasare not consideredd




hyperaridareagprimarily coverNorth Africa, Arabian Peninsula, Iranian Plateau, and Tarim Basin. Arid and seraiies

240 areascover other majodust sources, including the Sahel (North Africa), Turan Depression (Central Asia), Gobi Desert (East

Asia), Thar Desert (South Asia), Kalahari Desert (Southern Africa), Chihuahua Desert (North America), Patagonia steppe

(South America), and the Great Sandy and Simpson Deserts (Austfdd@jationaleof-this-climatezone-baseamnalysisis

a hore MHo N
v SAS,

245 droclimate variabilityanethussuchthat dust emission igxpectedo be primarily controlled by wind speeti/hereasthe

250 PaststudiesravePreviousstudiessommonly used linear regression coef cients to qua thedustsensitivity

tual independence among predictors, an assumption that is often violated by strong correlationsyahmarigratevariables.
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predictor data, Although the ESMs differ_in_how they partition total emissionsinto discretesize modesor bins, the size

eonsidersix-predictorgatherthanits size-resolvectharacteristicsHere we considera commonset of six predictorsfrom

layerthereafteassoibmeisture), 2-m speci ¢ humidity, 2-m air temperature, and leaf area index (EARtotaldustemission

CMIP6 online archive,and becausesomemodelsincorporateadditional drivers not usedby others.Hencewe focuson. a

10
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3 Results

3.1 Climatological distribution

ranging from 890 to 7727 Tg y* with nearly an order of magmtude difference (Fig. 2a—2u). Me#ensemble mean

11



Figure 2. Climatological mean dust emission uxes from (a-egfividuat21 Earth system models, (v) model ensemble meani&RRA2
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estimateis-2786 Tg-y—L(Fig. 2v) is. 2857 Tg yr ! with a standard deviation af821-1835 Tg yr L, corresponding to a

diversity of 6564% (de ned as the ratio of standard deviationrtedelensemble mean). Based on models withustsize

upperan upperpart|cle3|zellm|t of 20 m, global dust emissions vary frob®621061 to 6561 Tg yr1 with a mean of3612
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Figure 3. Contributions of different climate zones to global annual dust emissions. Numbers indicate percentages above 5%.
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to MIROC-ES2L (H|r0ak| Tatebe, personal communications).

3.2 Interannual variability

of dust emissions. Monthly dust emission uxes from aII ESMs are rst regridded to a common resolution of 0.9°x1.25°

(the native grid of CESMZ). To remove the in uence of annual cyc@sab#ae&hemonth—wise cIimatoIogicaI mearnse
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Figure 4. Percentage of statistically signi cant (©.1), positive correlations out oéve%yepessiblezw pairwise comparisons of
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Figure 5. Spearman's rank correlation coef cients between dust emission ux anomalies averaged over hyperarid, arid, and semiarid cli-

mate zones. Dots indicate statistically signi cant correlations@d). Summary tables are based on Earth system modelstdaliRiRA2

of statistically signi cant, positively correlated model pairs increases fi@3dP6 in the hyperand zone tb4;3% in the arid

zone andt716% in the semiarid zoreénet
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approach as in Fig. 5.
Figure 6 compares the correlation coef cients for model pairs with the same sigrefiresboth positive or both negative)
in dust emission uxes and hydroclimate PC1. The regression slope and coef cient of determin&jigndntify the degree
of statistical association betweemsdelinter-modelcorrelations in dust emission and hydroclimate variability. The positive

ability also tend to produce more consistent dust variabiitgtvice versa. More importantlypeththe number of signi cantly
correlated model pairsMN ) and correlation strength (slope an®) show signi cant increases from hyperarid to semiarid

18



Figure 7. Total explained variance @} in dust emission uxes by six near-surface predictors (wind speed, precipitation, soil moisture,
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