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Abstract.

Dustemisston-is-medulated-Windblown dust emissions are governed by near-surface wind speed and land-surface-conditions

WNW
influence of these drivers in Earth system models (E
%WMHWWMMAMWMMM@M@Q
projecting dust responses to future climate and land-use changes. Here we evaluate the model consistency in simulating the
Ww@wﬁgmwmwmd speed and five-hydroclimate-variablesin

tonshydroclimate drivers within 21
&Qm% the models show-exhibit
poor agreement in simulating-dust variability,

e—with only 10% out
of 210 pairwise comparisons showing significant positive correlations. In arid and semiarid regions;-the-dust-vartability—is
shaped-by-a-dual-zones, the models display a dipole pattern driven by a "double-edged sword" effect of land surface mem-

ory: models with coherent hydroclimate variability eenverge-in-dustrespenses,—while-show improved agreement, whereas
those with divergent hydroclimate representations lead-te-show increased disagreement. Adthough-al-Most models capture the

display large spatial variability and anomalously high sensitivity to soil moisture and precipitation, respectively. Incorporating
the Kok et al. (2014) scheme in CESM and E3SM generally enhances-the-hydroctimate-influence-compared-to-amplifies the
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representations-of-hydroelimate-variability-need to improve the representations of near-surface winds in hyperarid areas and
hydroclimate and land surface processes in predicting-dustresponses-to-climate-variations-and-changesarid and semiarid areas

to reduce model uncertainties in dust emission estimates.

1 Introduction

Wind-blown-dustfrom-dryland-regions-Windblown dust aerosol is an essential element of the Earth’s biogeochemical cy-
cle, but has become a global concern due to its transboundary,-multifaceted-wide-ranging impacts on the climate, publie
healthecosystems, agriculture, and secioeconomic-wel-beingsociety. Dust emission is modulated by a number of atmospheric
and land surface parametersrelated-to-variables which can be grouped into three broad drivers: sediment supply, sediment avail-
ability, and wind erosivity, which collectively determine the dust-event-timing, location, duration, and-intensityintensity, and
impacts of dust events (Xi, 2023). The most abundant sediment supply is typically found in low relief areas with thick layers of
fine, unconsolidated materials pfeelueed%yﬁggpgmweathermg, fluvial, and/or aeolian processes (Bryant, 2013). These

The sediment

availability for airborne dust production is strongly affected by soil moisture and surface armoring s-such-as-(e.g., vegeta-
tion, soil erusts;-and-crust, non-erodible p&f&e}e&éBuHafekeFal—LlG%H—Theﬁed%em—a\mlabm{y is-medulated-primarity-by
oarse particles) which determine the
minimum or threshold wind velocity required to initiate mebilization—dust mobilization (Bullard et al., 2011). To initiate dust
WMWWWMM erosiv-
ity is dominated by rareinfrequent, high wind events which

mechanism-Knippertz; 2044 generate sufficient drag to mobilize soil particles via saltation and sandblasting mechanisms. De-
pending on the relative importance of the three drivers, dust emission may fall into one of three distinct regimes: supply-limited,

where a lack of suitable-sized sediments restricts dust emission; availability-limited, where fine sediments are present but are
protected-against-wind-protected against erosion; and transport capacity-limited, where sediments are dry and exposed ;-but
the-but near-surface winds are too weak to initiate-dust-entrainmentmobilize the particles.

The physical-three dust emission drivers have been incorporated inte-globalcoupled-acroselmedels-erin global aerosol-climate
models and Earth system models (ESMs) to represent-the-environmental-control-of-capture the environmental controls on the
dust cycle. mme%mmwpb%wdﬁkmwwm a time-invariant dust

source function whi

sediment supply, with high values generally associated with topographic depressions containing abundant alluvial or lacustrine

deposits (Prespero-et-al;2002)Dustmodelsgenerally-assume-(Ginoux et al., 2001; Prospero et al., 2002; Zender et al., 2003
. These areas are generally assumed to have an unlimited sediment supply, without accounting for sediment-depletion or re-

plenishment over time (Zhang et al., 2016a). The hydfeehﬁﬁrafe—medﬁ}afmeﬁsedlment availability is represented-by-multiple

strongly coupled with the hydroclimate
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e ’WhIChcanberepresentedJy a

The Aerosol Comparisons between Observations and Models (AeroCom) initiative and Coupled Model Intercomparison
Project (CMIP) have facilitated t

intercomparisorof ESMsin simulatingthe global dust cycler-ESMs
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andtheir sensitivitiesto wind andhydroclimatedrivers, Addressingheseguestiongs essentiafor. und
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Aerosol (OMA, ensemble member r1|1p3f1) vs. Multicon guration Aerosol TRacker of miXing state (MATRIX, ensem-

ble member r1i1p5f1%MHleFePai%9%HM.i.lI.er“e.t...alﬂ 2021; Rind et al., 2020). UKESM1.0 is built upon the HadGEM3-

190 tuningtunings and dust soureepresen%aﬂempr,esentaﬂonéNoodward et al., 2022). Similarly, MIROC- ESZLe@vaeped



columnindicatesvhetherl Al isaprognostigvariable #Dm , 16-mwine-speedustparticlediametemupperimit. +-seitmeisturero-surface
|9Hg 1esskE ESEU'epea Remetesse lSi @ate .Ee'

Model Bmax—Resolution Dm  Wind  DSF
CESM2-CAM-Zender ~ 0.9° 1.25° 10 Zender-etal—{2003)Fruncat
CESM2-WACCM-Zender SameasCESM2-CAM-Zende,9° 1.25° 10 v Y
CESM2-CAM-Kok 0.9° 1.25° 10 Ne-BSFN
E3SM2-Zender SameasCESM2-CAM-ZendeexeeptusingtheoriginatbSF1° 1° 10 u® Y

E3SM3-Kok SameasCESM2-CAM-Kek1® 1° 10 v Y

CanESM5-1 2.8° 2.8° Bulk u? Tegen-etal(2002Y
CNRM-ESM2.1 14° 1.4° 20 Ne-BSFN
EC-Earth3-AerChem ~ 2° 3° 20 Tegen-etak—{(2002)
GISS-E2.1-OMA 20 25° 32 wiul, Gineuxetak{2001)
GISS-E2.1-MATRIX SameasGISS-E2-1-OMA2°. 2.5° 32 ud Y

GISS-E2.2-OMA SameasGISS-E2-1-OMA2°. 2.5° 32 Ui Y

GFDL-ESM4 1° 1.25° 20 Ginoux-etal—{2001Y
HadGEM3-GC31 0.6° 0.8° 63 u® Ginoux-etal—{2001Y
UKESM1.0 1.25° 1.9° 63 U’ Ne-BSFN
INM-CM5.0 15° 2° Bulk u* Ne-BSFN
IPSL-CMBA-LR 1.26° 2.5° Bulk wouj, Sehulzetak(2009Y
MRI-ESM2.0 1.9° 1.9° 20 Ne-BSFN

MIROC6 14° 1.4° 10 wiulo, NeDSFN
MIROC-ES2L SameasMiROC62.8° 2.8° 10 ud N

MPI-ESM-1.2 1.9° 1.9° Buk u? Fegen-etal—2002)
NorESM2 SameasCESM2-CAM-Zende0,9° 1.25° 10 v Y

MERRA2 0.5° 0.63° 20  w*uj,  Gineuxetal{(2001Y
JRAero SameasMRIF-ESM2.01.1° 1.1° 20 v N
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Me&mulraﬁens#eﬂ%the Energy Exascale Earth System Model (E3SM-, 1980—2014ene) using the Zendescheme
(E3SM2- Zender}andiehee%hemsmgmeléek%ehemeand Kok (E3SM3- Kok)%FengPal—zezzéiFhe%eﬂdeFaFMek

., 2017;



230

235

240

245

250

255

260

. ..The hyperarld zone is de ne@%aSAI

0.05, arid zoneb%a_s 0.05<Al 0.2, and semlarld zongy-as 0.2<Al 0.5.As




Figure 1. De nitions of nine-geegraphiaegionshyperarid,arid, andthreesemiaridclimate zonesnatyzedn-thisstudy. Fhenineregions
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predictorsthisyields63 possiblecombinationof-predietersFor each predictor, the method calculates its average incremental

contribution to the total Racross all subset models of the same size (i.e., models with the same number of predictsss)
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upstreamof the size partitioning of mobilized

T .The six predictorsare chosenbecausghey are either directly

. Among them, wind speedrepresentghe wind_erosivity driver, while_the remainingvariablescollectively representhe

sources in the Americas and Australia. E3SM3-Kok and HadGEM2-GC31 simulate thepagsthrextensive dust-emitting
areas-including high-latitude and subhumidgiengreas. In contrast, CESM2-CAM-Zender, CESM2-WACCM-Zender, and

NorESM2 simulate discrete and limited dust-emitting aredhiseto-the useofatruncatedversionof-the Zenderetal(2003)
by excludingareaswith dust source functiopwhichexcludesgric-eeliswith-values below 0.13ntike- CESM2-CAM-Zender

11



Figure 2. Climatological mean dust emission uxes from (a-u) individ&$MEarth

MERRAZ reanalysis, and (x) JRAero reanalysis. Global annual total dust emissions are displayed on each panel.
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spatially continuous pattern (Fig. 2e).
Globatannualtotatemissionsrary The globaltotal dust ux varies greatly among the ESMs, ranging from 890 to 7727 Tg

yr 1 -with nearly an order of magnitude difference (Fige-24yp—2u). The model ensemble mean estimate is 2786 TY yr
(Fig. 2v) --with a standard deviation of 1821 Tg ¥, corresponding to a diversity of 65% (de ned as the ratio of standard

deviation tothemodel ensemble mean). Basedtba&%meéelsm#ue#s#mﬂateaameledrame{er&mmodelswnh adust

up.to.20 m and reported}ﬂewssma ux of 980-4300 Tg yr ! with a diversity of 46%. S|m|IarIy, Gli3 et al. (2021)
compared 14 AeroCom Phase Il models and found a range of 850-5650 Tguith a diversity of 64%. Wu et al. (2020)

The model ensemble mean glommualdus%ermsaeﬂra{etotal dust ux_ is signi cantly hlgher than that of MERRA2

(1605 Tg yr , Fig. 2w), but closely aligns with JRAero (2780 Tg ¥, Fig. 2x). Overalln_general, the model ensem-

ble mean exhibits a more spatiakty
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d|fferences in the regional

Mﬂm%ewweﬁetalﬂuseemﬁﬁeﬂsa%eappreﬂma{ewwstnbunons -However,the total emissionis about40% lower

when usingvA

2p) compared to HadGEM3—GC&1
(Fig. 20). The three Japanese models (MRI-ESMZ.O MIROC-ES2L, and MIROCG6) exhibit Iarge differences in total emis-

meteer@egwab‘ataan%n%wmgﬁa{ameters Despite using the same dust scheme, MIROC-ES2L produces ve times more
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Figure 4. Percentage of statistically signi cant (f©.1), positive correlations out of every possible pairwise comparisons of monthly dust
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\] endemnd \ Kok-D N ommonmodelheritage-pooracreemen A < V-
HadGEM3-GE3-1andbetweenMIROCE-ane MIROC-ES2L10% of pairwisecomparisonyielding statisticallysigni cant,
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Figure 6. Statistical associations betwete pairwisemodelcorrelation coef cients (p 0.1 shown in red) irdeseasenalizedust emission
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3.3 Relative importance of wind and hydroclimate drivers

In this section, we present the dominance analr;e}ialtseﬂof the collective and relative in uence of wind and hydroclimate
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Global mean R values are shown on each panel.
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