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Abstract. Windblown dust emissions are governed by near-surface wind speed and soil erodibility, the latter influenced-by

hydroeclimate-conditions-modulated by hydroclimate and land use —Aecurate-representations-of-the-inflaence-of these-drivers
inBarth-system-medels—is—eritical-conditions. Accurate model representations of these drivers are essential for reproducing

historical dust variability and projecting

hydfee}rma{efiﬂvefs—mﬂﬂnﬁfuture dust changes. Recognizing the unobservable, model-specific nature of dust emission fluxes
this study evaluates the discrepancies among 21 Earth system models <

representing the relative influences of wind speed versus hydroclimate drivers on the interannual variability of dust emissions.
In the hyperarid climate zone, the models exhibit-show poor agreement in simulated dust variability, with only 10% out of 210

pairwise comparisons showing significant positive correlations. In arid and semiarid zones, the models display a dipele-dual

pattern driven by a "double-edged sword" effect of land surface memory: models with coherent hydroclimate variability show

improved agreement, whereas those with divergent hydroclimate representations show inereased-disagreement—Mest-medels
larger disagreement. The models mostl capture the dominant mﬂ-ueﬂe&efﬂﬂﬂérspeeéeﬁdﬂs%eﬁﬂssteﬂs—tﬁhypefaﬂdﬂfeas

wind control over the hyperarid zone, but show great discrepancies in the
relative importance of wind versus hydroclimate drivers over arid and semiarid zones. GFDL-ESM4 and CESM2-CAM-Kok

overestimate the hydroclimate influence in the hyperarid zone. Implementing the Kok et al. (2014) dust scheme in CESM
and E3SM generally amphi

vartaneereduces wind contributions to dust variability, e.g., from 56% to 46%fer-44% in CESM and from 86% to 75%for
E3SM-n-74% in E3SM within the arid zone. These findings underscore the need to improve the representations-ofnear-surface

winds-wind simulations in hyperarid areas and hydroelimate-and-tand-surface-proeesses-land surface process representations

in arid and semiarid areas to reduce moedel-uncertainties in dust emission estimatessimulations.




25

30

35

40

45

50

55

1 Introduction

Windblown dust aerosol is an essential element of the Earth’s biogeochemical cycle s-but-and has become a global concern due

to its wide-ranging impacts on the climate, ecosystems, agriculture, and society. Dust emission is modulated by a-number-of

m%w@mm which collectively determine
the timing, location, duration, intensity,—and-impaets-and intensity of dust events (Xi, 2023). The most abundant sediment
supply is-fine sediments are typically found in tew-relief-low-relief areas with thick layers-offine;unconselidated-materials
generated-via-accumulations of unconsolidated materials produced by weathering, fluvial, and/or aeolian processes (Bryant,
2013). The sediment-availability for-airborne-sediment availability for dust production is strengly-affeeted-by-influenced by
environmental conditions such as surface soil moisture and surface-armoring (e g., vegetation, soil crust;nen-eredible-coarse

pafﬁeles) which determine the minimum or %hresheld—MHdAfeleeﬂy

he-threshold wind velocity —As-aresult;the

>-that must be reached to mobilize soil

The-three-dust-emission-drivers-(Bullard et al., 2011). The environmental controls of dust emissions have been incorporated
in global-aerosol-elimate-medels-and-Earth system models (ESMs) to eapture-the-environmental-controls-on-the-dusteyele-
Dust-emissionsehemes-in-many -ESMs-use-a-project dust aerosol responses to climate variability and change. Specifically,
the horizontal saltation flux is parameterized as the third or fourth power of wind speed, reflecting the dominant role of
infrequent, high-wind events. Many ESMs use prescribed, time-invariant dust source funetion—te-represent-the-functions to
Wspatlally varying sediment supplyabundance with high values generally-asseciated-with-topographie-depressions

mwe@%mﬁﬂwmmmwwmmm@q@%@m
activity as observed by satellites (Ginoux et al., 2001; Prospero et al., 2002; Zender et al., 2003). The sediment abundance is
typically assumed to be unlimited without accountmg for depletlon or replemshment over time (Zhang et al., 2016a). The-In
a-closely_coupled
with hydroclimate and land surface processes. Surface soil moisture, as simulated by land surface schemes, is directly used
to determine the threshold wind velocity for saltation (e.g., Fécan etal., 1999). The bare soil fraction seating factor-is-often

is used to exclude non-erodible surfaces covered by snow, ice, water bodies, or vegetation. Vegetation also increases the

ESMs, sediment availability is <

surface roughness and reduces the wind stress—acting—on—erodible—surfaces;—which—shear stress exerted on exposed soils

Marticorena and Bergametti, 1995; Shao et al., 201 1) This effect can be represented by—a—éfag—paf&&emﬂg—seheme%f&eefeﬂaﬂ%d%efg
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While

Kwon, 2005; Ginoux et al., 2012), they integratéormationfrem the effectsof emission, transport, and deposition, making it

con gurations, The true information conterite-of model-simulatediustemission uxes thereforelies not necessarily inke

drivers. Section 3 presents t

wind speedandhydroctima

2 Data and Approach

2.1 ESMs andaerosolreanalysisproduets-




Table 1. Summary of the Earth system models and aerosol reanalysis datasets considered in this study. Dust source function (DSF) column

prognostic variable. B, dust particle diameter upper limit.

Model Resolution R Wind DSF LAl  Dust Scheme Refer
CESM2-CAM-ZerdeCESM2-WACCM-Zender  0.9°1.25° 10 u® Y Y Zender et al. (2003) Albani-
CESM2-WACCM-ZendeLESM2-CAM-Zender 0.9° 1.25° 10  u® Y Y Zender et al. (2003) Getteln
CESM2-CAM-Kok 0.9° 1.25° 10 us N Y Kok et al. (2014b) Li et al
E3SM2-Zender 1°1° 10 Y ¥-N  Zender et al. (2003) Feng
E3SM3-Kok 1°1° 10 Y Y Zenderet-al{20030ok et al. (2014b)  Xie et
CanESM5-1 2.8°2.8° Bulk u® Y Y Peng et al. (2012) Sigmc
CNRM-ESM2.1 1.4°14° 20 u’ N Y Tegen et al. (2002) Séféri
EC-Earth3-AerChem 2°3° 20 us Y N Tegen et al. (2002) Van N
GISS-E2.1-OMA 2° 25° 32 udo Y N Miller et al. (2006) Miller €
GISS-E2.1-MATRIX 2° 25° 32 udo Y N Miller et al. (2006) Miller €
GISS-E2.2-OMA 2° 25° 32 udo Y N Miller et al. (2006) Rind et
GFDL-ESM4 1° 1.25° 20 ud Y Y Ginoux et al. (2001) Shevli
HadGEM3-GC31 0.6°0.8° 63 us Y N Woodward (2011) Rober
UKESM1.0 1.25°1.9° 63 ud N Y Woodward (2001) Wood
INM-CM5.0 1.5° 2° Bulk u* N N Volodin and Kostrykin (2016) Volodi
IPSL-CM6A-LR 1.26° 2.5° Bulk u, Y Y Balkanski et al. (2004) Lurtor
MRI-ESM2.0 1.9°19° 20 @ N N Shao et al. (1996) Yukin
MIROC6 1.4° 1.4° 10 ud N Y Takemura et al. (2009) Tateb
MIROC-ES2L 2.8°28 10 ui N Y Takemura et al. (2009) Haijirr
MPI-ESM-1.2 1.9° 1.9° Bulk u® Y Y Cheng et al. (2008) Mauri
NorESM2 0.9° 1.25° 10 u® Y N Zender et al. (2003) Selan
MERRA2 0.5° 0.63° 20 udo Y N Ginoux et al. (2001) Randl
JRAero 1.1°1.1° 20 ul N N Shao et al. (1996) Yumir
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ysis for Research and Applications version 2 (MERRAZ 1980-2014) (Gelaro et al., 2017), and Japanese Reanalysis for
Aerosol (JRAero, 2011-2017) (Yumimoto etal., 201% imilati i

sula, Iranian Plateau, and Tarim Basm. Arid and semiaedesareas cover other majafust sources, |nclud|ng the Sa-

hel (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
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Figure 1. De nitions of hyperarid, arid, and semiarid climate zones.

2.2 Dominance analysis technique

PaststudieshavePreviousstudieshavecommonlyused linear regression coef cients to quantifystsensitivitiesto-its the

ear regression, a regression coef cient represents the mean change in the responseperfalie dustemission ux. or

variance (R) in the response variable by evaluating all possible subset md2fels subsets fop predictors) in a multiple

linear regression framework (Budescu, 1993; Azen and Budescu, 2003). For each predictor, the method calculates its averag
incremental contribution to the total’Racross all subset models of the same size (i.e., models with the same number of
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predictor contributions equals thetal R of the full model (i.e., with all predictors included), thereby allowing the partitioning

of explained variance among correlated predictors. gieelictor-speci-eresultingpredictor R valuescanthusbeinterpreted

response variabige. Althoughthe modelsdiffer.in how the total emission ux is partitionedinto discretesize hins—akey

content in the uppermost soil layédrgreafterassoil moisture), 2-m speci ¢ humidity, 2-m air temperature, and leaf area index

(LAI). Thetotaldustemissionux-isabulk quantitythatrepresentshe sourcestrength-Although ESMsdiffer in-how they

from thementhiydustboththedustemission uxes and predictors, a

normalizedto the 0-1 range via min-marermatizationFo M

scaling.Theresultinggrid-leveltetatandpredictor-speei-epredictor R

10



Figure 2. Climatological mean dust emission uxes from (a-egfividtat21 Earth system models, (v) model ensemble mean, (w) MERRA2
reanalysis, and (X) JRAero reanalysis. Global annual tatsiemissions are displayed on each panel.
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3 Results

3.1 Climatological distribution

ranging from 890 to 7727 Tg y* with nearly an order of magnltude difference (Fig. 2a—2u) ﬁ#uﬂe#ensemble mean
esUmatesQlSG:FgJyLr—(Flg 2v)is 2786Tg. yr 1 .with a standard deviation of 1821 Tg Wi, correspondmg toa dlver5|ty

12
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Figure 3. Contributions of different climate zones to global annual dust emissions. Numbers indicate percentages above 5%.

events and inaccurate dust distributions in CanESM5.1. An interpolation error in the bare soil fraction also distorted the model's
dust source characterization, resulting in poor agreement with satellite obserf@tionsnd-etal;2023)n INM-CM5.0, the
vertical dust ux is calculated as a function Bfetion-wind velocity only, without accounting fahe dependeneef-threshold

13
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tlmes more dust than MIROCSG. This discrepancy can be Iargely explamﬂ%b;ronger winds in MIROC-ES2L, WhICh pro-

duces 50% higher global mean wind speed than MIROC6. Moreover, MIROC6 prescribes non-zero LAI even in hyperarid
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3.2 Interannual variability

This section evaluates the consistency among the ESMs in simulating the interannual variability of dust emissions. Monthly

dust emission uxes from all ESMs are rst regridded to a common resolution of 0.9°x1.25° (the native grid of CESM2). To

15
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Figure 5. Spearman's rank correlation coef cients between dust emission ux anomalies averaged over hyperarid, arid, and semiarid climate
zones. Dots indicate statistically signi cant correlations (p1). Summary tables are based on Earth system models only (MERRA2 and

JRAero not included).

higher percentage indicates stronger inter-model agreement in simulatirgethnualvariabitity-of-dustemissiensdust

variability, andyice versa.Theresultsaredisplayedn Fig. 4.

averaged over hyperarid, arid, and semiarid zones. The percentage of statistically signi cant, positively correlated model pairs

increases from 10% in the hyperarid zone to 14% in the arid zone and 17% in the semiarid zone, indicating progressively

(15%) comparede-thanthe hyperarid (5%) and arid (6%) zones. Thigoledual pattern suggests that as the climate regime

16



Figure 6. Statistical associations betwe#re-pairwise model correlation coef cients (0.1 shown in red) in dust emission uxes and

hydroclimate variability over (a) hyperarid, (b) arid, and (c) semiarid climate zones.
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410 zones re ects &“double-edged sword’ effect of land surface memory: models with coherent representations of hydroclimate

varlab|I|ty eenverge&%he&mulateddus&enms&entendto convergein, slmulateddustvarlabmty (i.e., more posmve corre-

correlatlons).
To verify this hypothesis, we examine the statistical association between pairwise model correlations in dust emissions and
415 those in hydroclimate variability. Speci cally, west-perform a principle component analysis (PCA) of the ve hydroclimate
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for all pairwisemedelcomparisons of deseasonalized monthly PC1 values, following the same approach as in Fig. 5.
Figure 6 compares the correlation coef cients for model pairs with the same sigrefiretboth positive or both negative)
in dust emission uxes and hydroclimate PC1. The regression slope and coef cient of determimé)iqu:{ntify the degree

alsotend to produce more consistent dust variability, and vice versa. More importantly, both the number of signi cantly
correlated model pairs (N) and correlation strength (sloperé)wshow signi cant increases from hyperarid to semiarid zones.

with divergent hydroclimate variability.

3.3 Relative importance of wind and hydroclimate drivers

moisture, speci ¢ humidity, air temperature, and LAI) in the ESMs and MERRA2. Results for CESM2-WACCM-Zender and
NorESM2 are very similar to those of CESM2-CAM-Zender and thus not shown.




Figure 7. Total explained variance @R in dust emission uxes by six near-surfageedictorsvariables(wind speed, precipitation, soil

moisture, speci ¢ humidity, air temperature and LAl) in Earth system models and MERRA2. Global meaiuRs are shown on each

panel.

19






