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Abstract. Utilizing the wellcalibrated, high spectral resolution, and eeguality-performanceof daytime and nightime
observations (9:30 a.m. and 9:30 plocal solar equatecrossingime (local solaileCT)) prodicts of the Infrared Atmospheric
Sounder Interferometer (IASljom theLaboratoire déviétéorologieDynamique(LMD), this study investigateseatdaynight
differences in dusterosolver theglobaldust belt of North Africa, the Middle East, and Asia. Both daytime and nighttime
dust optical depth (DODgt 10 nm showshigh consistencyith solar and lunar observationg coarse mode aerosol optical
depth (CAOD)from AErosol RObotic NETwork (AERONET) sites across the dust belt, with correlation coeffiofeh&
0.9 for most sitedBoth IASI DOD and dust layer height shaignificant 85% confidencdevel) daynight differences in dust
aerosolsover the major dust sources within the dust Hadtytime DODoverthe central tdhe northern Sahar®esert the
central to eastern Arabian Peninsaad the Taklamakan Desert is significaritigher than that of nighttimdout lowerthan
nighttimeover the southern Sahel to the Guinea Coast, antldkernto centralindiansubcontinenin the annual meai he
magnitude of the dagight differencein DOD is largerandevidentin borealwinterand springhan other seasoriBhe positive
day-night differences in DO[ji.e., higherdaytime values than nighttimeyer the central Sahara, the Middle East, and Asia
are likely associated wittgreaterdust emissiongiriven by higher dust upliftpotential (DUP)and strongewind speedat
daytime Dust layer heightdemonstrat@egative daynight difference over dust source regions in the central Sahara, central
Arabian Peninsula, antthe Taklamakan Deserand positive height differensén the southernSahel to the Guinea Coast,
southern parts of the Arabian Peninsula, langke parts ofhe IndiarsubcontinentThe higher dust laydreightover the Guinea
Coast and the Indiasubcontinenduringthe daytime is associated with a deepmnetaryboundary layer height argteater
convective instabilityat daytimethan nighttime which promotesvertical transport and mixgn of dust aerosols The
corresponding lower daytime DOD over t8ahel and the Indian Subcontinémdicates a possible dilutioof dust aerosols
when they are transported to higher altitude by convectitiese theyare more susceptible to horizontal transport
Groundbasedobservation®f dustshow surfacd®M;o concentration an@AOD exhibit a spatiallyarying diurnal
cycle across the dust belEAOD andPMjo concentrationgeakin late morningandfrom late afternoon to midnight in the
Sahel, early afternoon and around midnight in the Middle Bestimings ofwhich are largelyconsistetwith the daynight
differences inASI DOD. It is also found thaDOD from reanalysis produci®.g., ModerrEra Retrospective Analysis for
Research and Applications, version 2 (MERRPand ECMWF Atmospheric Composition Reanalysis 4 (EA@Rd to
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capture the danight differences inASI DOD in largeparts of the dudbelt except insmalldust source hotspots over North

Africa.

1 Introduction

Mineral dust is one of the primary aerospleciesn the atmosphere and forms an integral part of the climate system. It is
produced by wind esion in deserts, dry lake beds, arid and samdi regiongPenner et al., 2001 heuplift of dust aerosols
over source regions mostly ocawmvhen the surface wind speed, which is also affectethiby surface characteristics and
vegetative cover, exceeds a suitable thresf{i@dnandeartagas et al., 1986; Marsham et al., 2008; Bergametti et al., 2017;
Pu et al., 2020)The global emission of dust aerosols is estimated to range between 108008nty yr'! with high
spatiotemporal variabilityDuce, 1995; Ginoux et al., 2001; Huneeus et al., 2011; GBacaa et al., 2021)North Africa
alone accounts for about 50% of the global dusissiond Sc h ¢t z 1980; D6 Al mei da, 1986 ;
al., 1996; Ginoux et al., 2012; Kok et al., 20Zb)lowed by the Middle East and Asia contributing about 40% of global dust
emissions(Prospero et al., 2002; Goudie aMfiddleton, 2006; Tanaka and Chiba, 2006; Huneeus et al., 2011; Kok et al.,
2021)
Dust aerosolimpacts atmospheric radiative balance direbtlydust radiation interactionsnd indirectlyby dust
cloud interactionawith thelatter beingone of the lagest sources of uncertaintiemioddling aerosol effects global climate
change(Forster et al., 2007; Haywood et al., 2005; Mahowald et al., 2010; Yan et al., 2015; Adebiyi and KokTB820)
radiaive effect of dust refers tdd scattering and absorption of incoming shortwave and outgoing longwave radstiet
as thermainfrared emissionconsequenthaffecting regional climate, e.g\Mfrican and Indiammonsoon systen®liller and
Tegen, 1998; Li et al., 2004; Mahowald et, &010; Jin et al., 2014, 2024and tropical cyclones in the North Atlantic
(Karyampudi and Carlson, 1988; Dunion and Velden, 2004; Wong and Dessler, 2005; Strong et aQuAErosolsan
also modify the macioand micrd physical properties of clouds by serving as clooddensatiorand ice nuclei, namely
aerosdlcloud interactions that can further interact with the hydrological dfagin et al., 1996; Rosenfield et al., 1997;
Nakajima et al., 2001; DeMott et al., 2003; Bangert et al., 20¥RAen dust aerosols are deposited into the ocean and land,
theyprovide nutrients such as phosphorus, iron, and nitrageontinental and maritime ecosystefdsice and Tindale, 1991,
Mills et al., 2004; Okin et al., 2004fror instance, African dust has been found to influence ecosystenesAmtizon Basin
(Swap et al., 1992; Bristow et al., 2010; Yu et al., 2@I&) the Atlantic Oceafdickells et al., 2005; &howald et al., 2010)
Quantifying the climatic impacts of dust requires accurate and detailed information on their spatial and temporal
distributions. In addition to seasonal, interannual, and decadal timescales of variability, the diurnal vatasbiisialso an
important aspect that has been explored by many works. Past studies reveal significant daytigtatanevariabilities in
dust loading over the dust béiWang et al., 2004Schepansket al. 2009fiedler et al., 2013; Heinold et al., 2013; Kocha et
al., 2013; Osipov et al., 2015; Yu ét, 2016; Chédin et al., 2020; Yu et al., 20H9r example, in North Africa, pronounced

dust emissions during morning hours are found to be associated with the breaking down of the nocfumadl Ipts
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(Engelstaedter et al., 2006; Todd et al., 2008; Tulat.£2010; Knippertz and Todd, 201&)d in the late afternoon period as

a result of mesoscale convective systéad generatelust emissions at the leading edge of density cuw(Elgmant et al.,

2007; Marshamet al., 2008; Todd et al., 2008; Knippertz and Todd, 20$2}ellite observations and regional model
simulatiors in West Africashowed a welmarked diurnal variabilitypf dustassociated witla risingplanetaryboundary layer
maximizing at about 15 TC (Coordinated Universal Time; about 4 p.m. local solar {ib®&T)) (Chaboureau et al., 2007)
Using the fifteemminute Meteosat Second Generation (MSG) Spinning Enhanced Visible and Infrared Imager (SEVIRI)
satellite product, Schepanski et(@009)found abou65% of the dust source activation in the Sahara Desert occurring between
0600 and)900 UTC(about5:00 a.m1i10:00 a.m. local solar timat the western and eastern boundaries of the Sahara

In the Middle East, summertime dust emissiare primarily caused by the strong, persistent Shamal winds which
maximize around local noon overetraqgi Desert(Yu et al., 2016) Around the Gobi and Taklamakan deserts in Asia, dust
emissions in spring toagly summershowa diurnal change of mothan° 10% Aerosol OpticalDepth(AOD) and® 30% of
Angstrém exponent, with larger ADand smaller Angstrdm exponent values in late afterr{édang et al., 2004)Smirnov
et al.(2002)showed a increaseof AOD by 10% 40% during the daytime over dust sources in North Africa and Asia with
lessdiurnal variability over regions where dust aerosol is a major contributor tott&OD. By analysingaerosol extinction
and typing profilesfrom CloudAerosol Transport System (CATS) lidan a global scale, Yu et g2021) identified a
significant daytine andnighttimevariations in dust and dust mixture loading over the major dust sources in North Africa, and
western and southern North America.

However, observations dhe full diurnal cycle of dust witha global coverage is still lacking. Groudsed
instruments suclas AErosol RObotic NETwork AERONET ; Hol ben et al . andLblb@tBire OO N
Interuniversitaire des Systémes AtmosphériqluéSA) stations over the Sah@articorena et al., 2010)ave high temporal
resolution €5/ 15 minutes for AERONET antoutly for LISA), but with low spatial coverage. On the other hand, while
satellite products have much higher spatial resolaton coverage, polarbiting instruments have low temporal coverage,
i.e., two times dailypbservationsMoreover, most of these ingments (both satellite and grouhdsed) sampldustaerosols
based on the measurement of radiance in visibledhamaking it difficult to observe dust events in tiighttimeand thereby
missing out some important characteristidsdust For instancewidely used produst such asthe Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard both the Terra and Aqua satellitelindngle Imaging SpectroRadiometer
(MISR; Diner et al., 1998pnboard the Terra satellite retrie®D once per dapnly in visible wavelengths. Observations
from lidar instruments such as CleéA@rosol Lidar with Orthogonal Polarizatiq€ ALIOP; Winker et al., 2009provide
vertically resolved aerosol extinction and clouds for snapshots doaittgdaytime (1:30 p.mlocal solar equatecrossing
time; ECT) andnighttime (1:30 a.mlocal solarECT). However,CALIOP hastwo significant drawbacksvhen it isused to
study daynight differencesn dust optical depthYOD): (1) A lower signatto-noise ratio during the daytintean nighttime,
making it less sensitive to daytime observagigiu et al., 2009andless reliable to directly compaits daytime andhighttime
productsand (2)A narrowhorizontalswathof 5 kmand a 1éday repeat cyclevhichmeans there is only omaily observation

(afternoon or nightat a specifidocationthusno daynight differences of DOD can be retrieved at daily times&ig/IRI

3



100

105

110

115

120

125

instrument(Schmetz et al., 2002; Schepanski et al., 2007, 28068ard the Meteosat Second Generation satellite, which is a
geostationary satellite located at 3.5°W above the equator, pralidésbservatios from infrared (IR) channelevery 15
minutes. However, this product mainly covers Africa and the Arabian Penifitigl@bove challenges are partly addressed by
the Infrared Atmospheric SouednterferometeflASI; Chalon et al., 2001; Blumstein et al., 2004)

IASI sensor onboard the Europelsieteorological Operational satellii¥etOP) providesretrievals ofdust optical
depth DOD) and dust layeheightatIR bandtwice per day9:30 a.m. and 9:30 p.rtocal solarECT) atglobal scaldChalon
et al., 2001; Kluser et al., 2013; Peyridieu et al., 2013; Capelle et B, 2018) facilitating the study of dagightvariations
in dustaerosols Additionally, coarse mode duserosols(CAOD e.g.,radius> 1 mm) are more sensitive to infrargti)
radiation than visible due to their large particle sizegrepreferentiallyretrieved inlR bands(Capelle et al., 2018)ASI has
a fine spectral and spatial resolutiai®.5 cmi* and 12 km at nadir, respectively, as well as showing high quality in capturing

thespatiotemporal variabilitin dust(Hewison et al., 2013h comparison to ground measurements from AEROKEApelle

et al.,2014, 2018) The observation time of IASI generally coincides with the two dominant dust generation mechanisms in

north Africa, the breaking down of the nocturnal idevel jets in the early morning hours and mesoscale convective systems
in thelate afernoon and earlgvening periodEngelstaedter et al., 2006; Washington et al., 2006; Knippertz and Todd, 2012;
Chédin et al., 2020Dne important advantage &S| is its equal quality performance for daytime and nighttime observations
(Hewison et al., 2013hédin et al. 2020 making it suitable to compare daytime and nighttime variability of. dust data
have been used to studgaracteristics of dust ithe SalraDesert(Chédin et al.2018;2020)

In this work, weare usingASI DOD and dust layer height products frarmaboratoire deMétéorologie Dynamique
(LMD; Capelle et al., 2018pgether withgroundbasedobservations from AERONET and LISA sitéBerkoff et al., 2011;
Holben et al., 1998; Marticorena et al., 20t®linderstanthe daytime and nighttime variabilityy dustaerosolover the dust
belt of North Africa, the Middle East, arghstAsia (Fig. 1). Aerosol reanalysis products, suchvadernEra Retrospective
Analysis for Research and ApplicatioMdERRA-2 Gel aro et al ., a®iECMWF ARhaspherice s
Composition Reanalysis #AC4; Inness et al., 201,9)hich are widely used in model validation and case stu@eandey
et al., 2013; Carmona et al., 2020; Isaza et al., 2821h)ey assimilate total AOD from satellite products while providing high
spatial and temporal coverage of dust distribytame employed for comparative purpose with IASI resWts.will examine
whether thesaerosol reanalysigroducts capturéhe day-night variationsin dust shown irsatellite productsLastly, we will
examine the meteorological conditions that contribtdethe observed dagight variabilities in dust aerosols Section 2
describes thetudy domairandintroduces the datasedasid dateanalysis techniquefResultsare presentedn section3, and

uncertainties are discussed in sectioW4jor findings are summarized in section 5.

€



2 Data and methodology
2.1 Study Domain

In this paper, we focus on the dust belt extending from North Africa through the Middle East and Central Asia to the
130 deserts investern EasAsia (Fig 1). The Saharan dustbéli35 N, 16 Wi25E)i s t he wor |l do6s | argest
dustaero®ls, with an annual emissions 400/ 7003 10° tons of dust aeroso{sD 6 Al me i d a, 1986 ; Sch¢t
1996) There are two major dust sources within the SaBaithe Bodélé Depressian Chadand an area covering eastern
Mauritania, western Mali and southeAlgeria(Middleton and Goudie, 2001; Schepanski et al., 2007; Ginoux et al., 2012; Yu
et al., 2018)

(a) IASI DOD (10 pm scaled to 500 nm) (b) CALIOP DOD (532 nm)
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135 Figure 1: Climatology (2008 2020)of DOD from (a) IASI (LMD version), (b) CALI OP, (c) MERRA-2 and (d) EACA4.
Blue-dots denote AERONET sites with both solar and lunar data that are used to examine dayight differences ir
CAOD. Cyan stars represent LISA sites Note that IASI DOD in (a) represents the climatology of average daytime a
nighttime DOD and is scaled from10 nm infrared (IR) to 500 nm visible wavelength (VIS) usingan IR/VIS ratio of 0.60
(see text for details)) Note that CALIOP data is up to July 2020

140 The Middle East dust bell3Ni38N,25EI60E)i s t he wor |l dos s e(lraspem etlalg 2092 s t
Goudie and Middleton, 2006; Huneeus et al., 2011; Kok et al., 20B&)Middle East an8outhAsian dust sources covers
Sudanthe Arabian Peninsula, partsf Iran and Afghanistgrand PakistafRezazadeh el.a2013; Ginoux et al., 2012; Yu et
al., 2018) The East Asian dust b&lt Ni 46 N, 60 Ei 100 E) mainly includes the Taklamakan and the Gobi DegPrisspero
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et al., 2002; Zhang et al., 2003; Ginoux et al., 2Gi#) is estimated to account falpout3i 11% of global dust emissions

(Tanaka and Chiba, 2006We did not include the Gobi Desert in ourrdain due to large area of missing data in 1ASI.

2.2Datasets

This studymainly uses thetOnm DOD retrieved fromASI (LMD version)as theprimarydataset to understand the ezight
differencedn DOD anddust plumdayer heightin the dust beltalongwith groundbasedbservationsResults from IASI are
compared with aerosol products from reanalysesteldrologicalvariables fom reanaysis and stations argsed toexamine

their influences on thday-night differencesn dustaerosols All the datasets used in this study are summarized in Table 1

Tablel. Summary of datasets and variables used in this study

Variable Dataset Version Period Spatial Temporal Link to data
used Resolution Resolution
DOD, dust layer height  IASI LMD 20082020  12km ~12 hourly https://iasi.aeriglata.fr/DUSTF
v2.20 AOD_IASI_A_data/
DOD, dust layer height CALIOP 4.20 20082020 5km (532) monthly https://asdc.larc.nasa.gov/project/ CALIPSC
CAOD AERONET 3.0 20082020  station 5i 15 mins https://aeronet.gsfc.nasa.gov/
PMio LISA - 20082020  station hourly http://www.lisa.upec.fr/SDT/index.php?p=3
DOD MERRA-2 - 20082020 0.62530.5° hourly https://disc.gsfc.nasa.gov/
DOD EAC4 V4 20082020 80km 3-hourly https://ads.atmosphere.copernicus.eu
Rainfall, PBLH, ERAS5 - 20082020 0.2530.25° hourly https://cds.climate.copernicus.eu/#!/home
CAPE, circulations
Precipitation IMERG V06B 20082020 0.130.1° 30 mins https://gpm.nasa.gov/data/directory
2.2.1LMD IASI

IASI is a highspectralresolution thermal infrared Fourier transform spectrom@talon et al., 2001; Blumstein et
al., 2004)onboard MetORA, MetORB and MetOPC satellitesIt measures radiance over 8641 spectral channels extending
from 645 to 276@&m' * with a spectral resolution of 0&n' ! after apodizationit has a ground resolution of 12 km at nadir.
Onboard MetOFA at an altitude of about 800 km, IASI observes Eartinaangle ofip to48.5°perpendicular to both sides
of the satellite track. This corresponds to a swath width (¢1082km leading t@n approximatglobal coverage in 12 hours.
The satellite has a locablarequatorcrossing timglocal solailECT) of approximately 9:30 a.m. and 9:30 p.m. and is available
from July 2007 tdctober2021 as at January 202BletORB was launched in September 2012 and has been operational since
February 2013vhile MetORC waslaunched at the end of 2017 and has been providing data since 2018. With-MetOP
coming to an end, MetOGB and-C will continue providing data he thredASI instrumentsareexpected t@rovidecontinuous
measurementsp to atotal of 15 years.

Due to its wide spectrum in longwave range and fine spectral resolution, IASI is widely used to retrieve atmospheric

compositiors (Clerbaux et al., 2009; Bauduin et al., 20d6)ing both dayand night timesWhile severatetrievalalgorithms
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are available for IASI DOD and dust layer hei¢dq., Callewaert et al., 2019; e.g., Clarisse et al., 2089)se theetrieval
from Laboratoire déviétéorologie Dynamique(LMD; Peyridieu et al., 2013; Capelle et al., 2014; 2048} provides global
retrievals of both DOD and dust layer height. IASI dust products show good consistency with growvatiohséCapelle et
al., 2014, 2018; Peyridieu et al., 2013; Zheng et al., 282@yoodperformance in comparison with other IASI D@Btasets
(Kliser et al., 2016)LMD IASI has already been used to study characteristics of dust in the Sahara(Cleééin et al.,
2020) The publicly available L2 data also allow us to validate and compare with groued/atiens in our study domain
and to interpolate the data to a reasonably btial resolution (i.e., 0.5°x0.58) facilitate our studyLMD IASI dusty and
cloudy pixels are distinguished using cloud mask based on nine screening tests consisting of infrared observations from bof
IASI and the Advanced Microwave Sounding Unit (AMSU) at same time and locations over théGaplede et al., 2018)
The retrieval oDOD anddustlayer height from IAStloud-freeobservationss based omniterativetwo-stepapproachusing
differentlook-up tablegCapelle et al., 2018; Peyridieu et al., 20I)e first step determines the atmospheric state using
IASI channels,and the second step ithe retrieval of 10 nm DOD, dustlayer mean altitude and surface temperature
simultaneouslysing the algorithnsimilar tothat wasoriginally applied to Atmospheric Infrared Sounder (AlR8yridieu et
al., 2010Q. Here, level version 2.2.0daily 10mm DOD anddust layer heighat 9:30 a.m. and 9:30 p.nocal solarECT
(hereaftereferred taasdaytime and nighttime, respectively) are usedragdddednto a0.5 by 0.5 grid from January 2008
to December 202Must layer heighin the dataseis defined as the height at which half o fDOD is found above and the
other half below(Peyridieu et al., 2013; Capelle et al., 2018; Chédin et al., 2020)

2.2.2 CALIOP

CALIOP is a spaceborne twwavelength polarization lidar onb@hCloudAerosol Lidar and Infrared Pathfinder
Satellite Observatior(CALIPSO) satellite. It provides high resolution vertical profiles of global clouds and aerosols
measurements since June 2@@8nker et al., 2009)CALIOP is a nadir viewing instrument which has a very narrow swath
width i.e., a beam diameterof 70 matthetEaré s s ur f ac e c-day repetsign oynl@ith angstantaneaus fidlé
of view approximately 30@n and 70 m. Level 3 clouftee monthly DOD at 532 nm and dust layer height & & 2 grid
from 2008 to 2020 are usad compare with IASI Note that because of the high altitude and modest p@aperture of
CALIOP, its daytime product has an extremely low signaloise ratio(Winker et al., 2017)making a direct comparison
between daytime and nighttime products less relidlitgeover, due to its narrow swathidth, no daynight difference can be
calculated at daily timescal€o compare with IAStustlayer héght, weanalyzeddust altitude from CALIOP by calculating

the mean of the highest and lowest dust aerosol layer detected.

2.2.3 AERONET

AERONET is a groundbased sun photometer aerosol observation network established by the National Aeronautics

and Space Administration (NASA) and PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire
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(PHOTONS) which measures atmosphex@&rosol properties globalliHolben et al., 1998)The sun photometers perform
measurements alarirradiance in eight spectral bands (340, 380, 440, 500, 670, 870, 940 and 10&threrfjeld of view
1.2 in aboutevery5 tol5 minutefrom 5 a.m.~6 a.m.to 5p.m.~ 6 p.m.in Coordinated Universal Tim@TC depending on
the site) The lunar photometers perform nocturnal measurenfesnts5 p.m. or 6 p.m. to 5 a.m. or 6 a.lTC with an
approxi mat e $29Tateiglt homwal wawelerngths of 440, 500, 675, 870, 937, 938, 102@Q,6d40dnm. The
estimated uncertainty of AOfDom direct solar radiation measureméntibout).010 ~ 0.021(wavelength dependen(tck et
al., 1999)

We use version 3 level 2 (cloud screened and quality assured) Spectral Deconvolution AlgdsitBra ; O6 Nei |
al., 2003)etrieval of the coarse mo@€©D (CAOD; Eck et al., 2010around 500 nm to approximate D@Ddcompare with
IASI DOD. It is important to note that the SDA algorithm of AERONET CAOD is sensitive to the presence of high clouds
such as cirrus and may lead teeosstimation of AERONET CAOSmirnov et al., 2018)0ver coastal regia CAOD may
contain information from sea salt as welith an estimated contribution of 0i@10 (Spada et al., 2013; Clarisse et al., 2019)
Level 2.0 data are not available at lunar sites, so level 1.3data screened but not qugldssureflare used.

For accurate comparison with IASkeveral filteringstepsareused to select thRERONET sites as shown in Figs. 1,
S1 and Tablesi3. Firstly, only sites with sample size greater ttlareyears withinthe dust belt betwee20 Wi 100 E and
0 Ni 36 N areselected. Secondly, following Capelle et £018) SDA sites with higler root mean square error (RMSE)
CAOD (i.e., RMSE > 0.05 + 0.15 xCAODRireremoved.This criterion removed a few East Asian sites with low CAOD and
high RMSEsValidation of IASI daytime and nighttime DOD against AERONET solar and lunar retrievals are conducted at
46 sites for daytime, andlisites for nighttime (Figl andTables 2 and 3. The daynight difference analysis is carried out
using siteswith bothsolar and lunadataavailable on the same days after the filtering procesdete sitesare found(blue
dots inFig. 1).

2.2.4 LISA

A network of three grountiased observatior(shown as stars in Fig. 1BanizoumbouNiger, 13.54N, 2.66E) ,
CinzanaMali, 13.28N, 5.93W) , andM 6 B o(Senegal; 143 N, 16.96W), located on aeasi west trajectory of the Sahara
and Sahelan dust plumes (Saheliabust Transectwere deployedn the framework of African Monsoon Multidisciplinary
Analysis (AMMA, Redelsperger et al., 2008/articorena et al., 20)0nternational projecin 2006 The stationsnonitor
surfaceparticulate mattel0 (PMo; with aeralynamic diametet 10 nm) concentrationavhich aremainly dustoncentrations
andlocal meteorological conditionsver the SahgMarticorena et al., 2010l the data are maintained by the Laboratoire
Interuniversitaire des Systéemes AtrpbériquegInteruniversity Laboratory of Atmospheric SystemkSA) in the framework
of the International Networko study Deposition and Atmospheric compositionAifiica (INDAAF; Service National

d6é Obser viadtlinesnt i dait Nat i o nvars, Frdnee3HouBycobsemationss oPMhgecontedtitdtionsand
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surface wind speed and precipitatioom 2008 to 2020 are used to understand the daght differencesn dustaerosolsand

the potential impacts of meteorological conditions ondidagnight differences

2.2.5 Reanalysis Datasets

We also compare DOD from MERR2 (Gelaro et al., 2017; Randles et al., 20&i)l EAC4(Inness et al., 2019)
global aerosol reanalysis datasets with IASI DOD. MERR#the firstlong-term (1980 presentyeanalysigproductin which
aerosol and meteorological observations are jointly assimilated into global assimilation s{S&dans et al., 2017)it
assimilates AOD from MODIS onboard Aqua and Terra, MISR, and Advanced Very High Resolution Radiometer (AVHRR)
as well as observatisfrom AERONET(Gelaro et al., 2017EAC4 (Bozzo et al., 2017; Inness et al., 20E%nother aerosol
reanalysis produate use inthisstudyti s produced using 4DVar dat a regastSysten| at |
(IFS), and assimilatesremedtee ns ed AOD from Envi satds AAT §Bzzaeatid., 2MODI S
Hourly DOD from MERRA2 and 3hourly DOD from EAC4 from 208to 2020 are used.

Meteorological variables such as hourly surface wirndgical velocity at 850 s, Convective Available Potential
Enegy (CAPE) andplanetaryboundary layer heighftPBLH) from ECMWF Reanalysis VEERAS; Hersbach et al., 2020)
from 2008 to 2020 are used in this stuBlimilar variables from MERRA are also used for a comparisbiere, we resample
the nmeteorologicaldata at each grid point based on IASI overpass time so at each grid poirt#oeatogicalvariables are
at the same time as IASI retrievalor the full diurnal cycle variablesare shifted to local solar time (LST) based on the
longitude of each AERNET site

2.2.6 IMERG-GPM

Precipitation fromtte Integrated Multisatellé Retrievals for Gbal PrecipitationMeasurementdMERG; Huffman
et al., 2015¥rom 2008 to 2020s used teexamine the impacts girecipitation orthe daynight differencesn dustaerosols
over the dust belMERG builds uponthe legacy othe Tropical Rainfall Measuring Mission (TRMM)y providing high
quality estimates ofjlobal rainfall and snow for every 30 minutes at 10 kmtigpaesolution.TheA Fi Rah 0 pr oduc
IMERG (versionV06B), which is calibrated with Global Precipitation Climatology Centre (GPCC) reanalysis prisdustd
in this study IMERG has been extensively validated against gauge, gridded, and sptelitation products over Africa
(Dezfuli et al., 2017; Maranan et al., 2020; Ageet et al., 2@82)Middle Eass(HosseiniMoghari and Tang, 2020; Arshad et
al., 2021) and Asia(Huang et al., 2018; Kim etl., 2017; Lee et al., 2019Yhough the performance of IMERG varies both
spatially and temporally, it is shown by these studies to reasonably capture the observed precipitation over the @lust belt. S
of the limitations of IMERG include large biaseseo mountainous aredlduang et al., 2018proneness to lovntensity false
alarms and overestimation of rainfall amount in weak convective systemthewd/est African forest zor{®laranan et al.,
2020)
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2.3Validation of IASI DOD againstAERONET station observations

IASI daytime 10 m DOD (LMD version) has been validated against AERONET solar CAODClapelle et al.
(2014, 2018)t some selected AERONET sites over land and ocean foii 200@. In thiswork, we extendthe previous
daytimevalidation by including nighttime retrievals over the dust batt to a longer period from 2D@ 2020 To compare
IASI DOD with AERONET CAOD,we first sampleAERONET solar and luna€AOD within 30 minutes ofASI overpass
time and IASI DOD pixels within a radius of 30 km from the AERONET sitedotal, 22,462 and 944 AERONETASI
matchups for daytime and nighttigrespectivelyare used in this studilext, we convert IASI DOD at 10m in the infrared
band (IR) to 500 nm in the visible band (VIS) to be consistent with AERONET CAOD at 500 nm. An accurate conversion
requires detailed information of the refractive index, size distribution, and the effective radius of dust pa@emds et al.,
2014) which are usually not available over a large domain. Previously, Peyridie(2&tl8)and Capelleteal. (2014, 2018)
compared IASI DOD with AERONET station data by scaling AEROENT AOD (550 nm) or CAOD (500 nm) to ing
empirically determiné IR/VIS ratio at each AERONET site. Heree follow a similarapproachAt each AERONET station,
the IR/VIS ratio is determined by regressing AERONET CAOD onto IASI DOD, with the slope of the regression being the
IR/VIS ratio. However, the quality of suehlinear fit depends on the sample size of FAERONET collocationgCapelle et
al., 2014) To prevent the ratios from being biased by the sample sizexaladesites with number of IASAERONET
collocations less than 100 for solar observatiand 60 for lunar observations. Out of the 46 AERONET solar sites considered,
only 5 sites CATUC_BamendgaZinder_Airport BanizoumbouLAMTO-STATION, and NAM_CQ wereexcludedvhereas
4 out of the 11 lunar siteK¢foridua_ ANUC CATUC_BamendaTeide, andDEWA_ResearchCenfyaverealso excluded
(see Tables 2 and.3)Ve found a mean IR/VIS ratio 640.62 rangingfrom 0.31 to 2.06 for solar measurements, ar@.57
rangingfrom 0.26to 1.23 for lunar observation#\ constaniR/VIS ratio of 0.8 (approximated by taking the mean of 0.62 for
solar and 0.57 for lunard used to scale all IASI DOD froiR to VIS equivalent DODat 500 nnfor both data validation and
the daynight difference analysilthough the simple conversion methoged here may lead to some uncertainties in the
magnitude othe converted 500 nm IASI DOD, we found the calculated ratidselargely within the range of empirically
estimated IR/VIS ratios by Peyridieu et@013)and Capelle et a(2014, 2018hand largely consistent with thdS/IR ratios
used to convert IASDOD (e.g., 1.54 by Yu et a2019) and 20 by Clarisse et a(2019)for the conversion of IASI 16m
DOD to 550 nm).
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Table 2. AERONET solar sitesused in this study with their location and the short names labelled onidures. Also shown are the
infrared to visible conversionratios (IR/VIS) of each AERONET sitefor the solar measurementsthe correlation coefficient (r)
between IAS and AERONET CAOD at 500 nm number of IASI-AERONET collocated data points (N), relative bias (%)and root
mean square error (RMSE).All the correlation coefficients pass the 95% confidence levelThe sites are divided intothree broad
regions of the dust belt:North Africa (NA), the Middle East (ME), and Asia (AS). Note that level 2 AERONET CAOD data ae used
for all solar sites except in Banizoumbou (Ban) and LAMTGSTATION (LAM) sites where level 1.5 data is used.

ID Site Short -ong N IR/VIS N Bias RMSE Region
name (E) (N) (%)

1 Ben_Salem Ben 9.91 35.55 0.49 402 0.84 26.69 0.10

2 CATUC_Bamenda CAT 10.16 5.95 0.64 30 0.79 4.18 0.18

3 Dakar Dak -16.96  14.39 0.59 1062 0.79 23.26 0.20

4 IER_Cinzana Cin -5.93 13.28 0.49 129 0.82 41.69 0.19

5 llorin llo 4.67 8.48 0.40 557 0.82 25.81 0.24

6 Izana Iza -16.5 28.31 1.23 806 0.78 -224.55 0.29 <

7 Koforidua_ ANUC Kof -0.3 6.11 0.31 237 0.76 40.9 0.36 \Z&;

8 La_Laguna Lag -16.32  28.48 0.68 711 0.79 -27.65 0.17 %

9 Lampedusa Lam 12.63 35.52 0.74 773 0.80 -3.66 0.11 %
10 MedeninelRA Med 10.64 33.5 0.45 311 0.75 35.61 0.07 §
11 Oujda Ouj -1.9 34.65 0.56 433 0.87 18.09 0.07 g
12 Santa_Cruz_Tenerife SCT -16.25  28.47 0.60 1333 0.78 -0.20 0.13 2
13 Tamanrasset_INM Tam .58 22.79 0.45 228 0.52 -243.93 0.57

14 Teide Tei -16.64 28.27 2.06 261 0.85 -392.26 0.38

15 Zinder_Airport Zin 8.99 13.78 0.47 71 0.73 -9.79 0.18

16 Banizoumbou Ban 2.67 13.55 0.39 67 0.69 35.66 0.23

17 LAMTO-STATION LAM -5.03 6.22 0.34 49 0.76 47.51 0.31

1 AgiaMarina_Xyliatou Agi 33.06 35.04 0.67 438 0.66 -73.9 0.11

2 Antikythera_ NOA Ant 23.31 35.86 0.81 225 0.80 -15.05 0.09

3 Cairo_EMA_2 Cai 31.29  30.08 0.43 923 0.78 52.79 0.12

4 CUT-TEPAK CuT 33.04 34.67 0.64 926 0.76 -4.3 0.08 g
5 DEWA_ResearchCentre = DEW 55.37 24.77 0.43 169 0.72 43.02 0.13 \,;
6 Dhadnah Dha 56.32 2551 0.42 146 0.64 -6.31 0.16 '%

7 Eilat Eil 34.92 29.5 0.44 942 0.31 -130.95 0.33 ngj
8 FinokaliaFKL Fin 25.67 35.34 0.85 383 0.81 -7.84 0.10 %
9 FORTH_CRETE FOR 2528  35.33 0.63 562 0.80 11.58 0.07 g
10 Hada_E{iSham Had 39.73 21.8 0.58 162 0.83 -65.2 0.17

11 KAUST_Campus KAU 39.1 22.3 0.55 1033 0.84 22.78 0.13

12 Kuwait_University Kuw 47.97 29.32 0.64 125 0.87 -3.94 0.21
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13 Masdar_Institute Mas 54.62 24.44 0.53 730 0.82 29.46 0.13
14 Mezaira Mez 53.75 23.10 0.42 1094 0.76 10.44 0.14
15 Migal Mig 35.58 33.24 0.46 340 0.64 14.51 0.11
16 Mussafa Mus 54.47 24.37 0.53 134 0.76 23.17 0.18
17 Nes_Ziona Nes 34.79 31.92 0.50 404 0.84 22.68 0.10
18 Nicosia Nic 33.38 35.14 0.55 294 0.69 -15.61 0.08
19 Qena_SVU Qen 3275 26.0 0.46 148 0.81 45.19 0.11
20 SEDE_BOKER SED 34.78 30.86 0.35 1642 0.72 58.02 0.08
21 Shagaya_Park Sha 47.06 29.21 0.47 423 0.73 -11.26 0.13
22 Solar_Village Sol 46.4 24.91 0.51 671 0.87 43.66 0.16
23 Technion_Haifa_IL Tec 35.02 32.78 0.65 231 0.84 -11.94 0.07
24 Weizmann_Institute Wei 34.81 31.91 0.61 515 0.81 31.39 0.08
1 Jaipur Jai 75.81 26.91 0.64 771 0.88 11.04 0.10 n
2 Karachi Kar 67.14 24.95 0.68 810 0.89 32 0.14 %
3 MCO-Hanimaadhoo MCO 73.18 6.78 0.41 619 0.56 18.81 0.07 -%
4 Nainital Nai 79.46 29.36 1.36 127 0.92 -158.02 0.27 é
5 NAM_CO NAM 90.96  30.77 0.39 15 0.18 -422.13 0.22 gi)

295 Table 3. Same as Table 2 but foAERONET lunar measurements Sites with asterisk denotes insignificant correlation coefficient at
the %% confidencelevel.

ID Site Short Long Lat IR/VIS N r Bias RMSE  Region
name (E) (N) (%)

1 llorin llo 4.67 8.48 0.26 66 0.44 -0.59 0.35

2 Koforidua_ ANUC Kof -0.0 6.11 0.29 53 0.58 29.64 0.39

3 CATUC_Bamenda CAT 10.16 5.95 0.06 8 0.14 23.71 0.52 8
4 Teide Tei -16.64 28.27 2.47 57 0.71 -561.83 0.17 E
5 Dakar Dak -16.96 14.39 0.67 88 0.73 -7.06 0.21 g
6 Izana Iza -16.5 28.31 1.23 80 0.69 -221.28 0.11

7 Santa_Cruz_Tenerife SCT -16.25 28.47 0.28 71 0.82 53.22 0.17

1 Shagaya_Park Sha 47.06 29.21 0.39 144 0.68 20.64 0.19 7
2 Mezaira Mez 53.75  23.10 0.67 206 056  -39.91 016 L
3 Migal Mig 35.58 33.24 0.49 114 0.47 -9.86 0.11 %
4 DEWA_ResearchCentre DEW 55.37 24.77 0.37 57 0.27 -6.91 0.20 =

12
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3. Results
3.1Evaluation of daytime and nighttime IASI DOD against AERONET CAOD

We evaluate IASI daytime and nighttime DOD against AERONET ground observations before using the product to
understand the dayight differences in dust aerosols over the dust Belth evaluations can be achieved by Taylor diagrams
(Taylor, 2001)A Taylor diagrantompars datasetsn terms of three statistics i.e., tRearson correlatiocoeficient between
the two datasetshe standard deviatisnand thecenteredoot mean square error (RMSE). Figure 2 shows normalized Taylor
diagrams that compare IASI DOD (scaled to 500 nm using the average IR/VIS rati@)abOM=RONET CAOD (500 nm)
for daytime (Fig. 2a) and nighttime (Fig. 2b) observatibme standard deviations and centered RMSEs of IASI DOD have
been normalized by the standard deviation of AERONET CAOD (shown as RE#)Yesultsshow IASI DOD is highly
correlated with AERONET stath observations with statistically significant (95%nfidencelevel) correlationcoefficients
rangingbetween @8/ 0.92 for solar sites and 041 0.82 for lunar sites. The higheaweragecorrelation coefficienfor solar
datais observed in the Saharan and Sahelian dust belt with correlation coefiti@m7 ranging from as low as 0.52 in
Tamanrassd&iam)to as high a®.87in Oudjda (Ouj), followed by th®liddle Eastsiteswith an average correlation coefficient
of 0.75 ranghg from 0.31 in Eilat (Eil) to 0.87 in Solar Village (Sol) and Kuwait University (Kuihe performance of IASI
over the Asian sites is highly variable with the lowest correlation coefficient of 0.18 in NAM_CO (NAM) site to as high as
0.92 in Jaipur (Jai)The NAM site has the lowest sample size of FMERONET collocations (N=15), and this may partly
account for sucla low correlation coefficientThese results arkargely consistent with similar evaluatienn past studies
(Peyridieu et al., 2013; Capelle et al., 2014, 20H)wever,we also noticaindeestimation ofdaytimeDOD at somefew
sites, such akilat (Eil) with a weaker correlation coefficienf 0.36, higher RMSEof 0.33 anda large bias of more than
100%(see Table 2 and Fig. Ra&Similar large biases are also obsenadundother coastalsites over North Africde.g.,lza,

Lag, andTei) possibly due téhe mixing ofseasaltwith dust aerosolandthe complicated land surface conditioinsthe area
leading to difficulties in DOD retrieval(Capelle et al., 2014, 2018 imilarly, nighttime DODis alsounderestimated at Tei
and Iza by more tha1i200%
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Figure 2: Normalized Taylor diagramsfor IASI DOD and AERONET CAOD at 500 nmduring (a) daytime (9:30 a.mlocal solar
ECT) and (b) nighttime (9:30 p.m.local solar ECT). AERONET CAOD is sampled betweer? 30 minutesof IASI overpass time
and IASI DOD is sampled within a radius of 30 km from each AERONET siteThe grey-dashed semi circleshowthe normalized
standard deviations, greysolid semicircles denote the normalized centered RMSE, and the dashed radial lines represent
Pearson correlation coefficiens. Sites are identified by their ID in Tables 2 (daytime) and 3 (nighttime), denotedy the numbet
in the colored circles. Red, blue, and green denotes sites in North Africa (NA), the Middle East (ME), and Asia (AS), respecti\
Relative biases are denoted by triangle, with upwarddowneard) triangles indicating a positive (negative) bias. Sites witt
normalized standard deviation greater than 2.0are shown at the bottom of tke Taylor diagram. Numbers above the black lin
are the normalized standard deviations and below are correlation coefficients.

The correlations over lunar sites gemnerally lower than solar sitéSig. 2b). While over sites likd eide (Tei), Dakar
(Dak), and Santa Cruz TenerifeGQ¥) where correlations between IASI DOD and AERNOET CAOD are higher than 0.7,
correlations over other sites are arount¥90.8, with thelowest correlation of @4 at CATUC_BamendaQAT) site.Note
that the smaller correlation coefficient@AT is insignificant ananay be due to the complex topography of the area that makes
IASI retrieval difficult resulting insmallerlASI-AERONET collocated sample sifH=8). Some sites over the Middle East
(e.g., DEWA_ResearchCentre (DEW) and Migal (Mig)) are also characterized kslightly lower nighttime correlation
coefficients.The discrepanies between IASI DOD andAERONET CAQOD records at siteover complex topographic regions
(e.g., Iza with an altitude of ~2.4 km) aisoobservedy Capelle et al. (2008) who attributsdichlower correlatios partially
to the heterogeneity of land surface or rapid varying-segace dust pime that may reduce the sensitivity of infrared sounders.
Reasons for the lower correlation in lunar data could range from smaller sample size of lunar data to toé dptalitised in
the evaluation, which are cloud screened but not quality assurgendémal, IASI DOD at sitesrounddust sourceegionsis
better correlated with AERONET CAOD than si®und regions where dust is transpoffiedn sourceregions(e.g., the
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335 southern Sahelpnd worsened in areas characterized by complex teamadhllutants from either biomass burniriggdustrial
emissionsor coastal sedimentg.g., Eilat).
In addition to thes&aylordiagramswe furtherexamired the relationshipetweerdASI DOD and AERONET CAOD
by combining all data points for daytime and nighttimeasurementas shown in Fig. & b. Consistent with the Taylor
diagrams, thelensityscatter plots reveal a good performance of IASI DOD with overall correlation coefficient of 0.7 for solar
340 observatios (Fig. 3a) and 0.57 for lunar measurements (Fig.1318®se values are quite close to the average correlations over
all solar sites in Table 2 (0.75) and all lunar sites in Table 3 (0.55). We also notice there are some overestimatidd®bf IAS
for smdl CAOD values (<0.5) in both daytime and nighttime records (mainly over coastal sites such as, Mez, Eil, and Dak in
daytime and Mig, Mez, and Bho at nighttime), which warrant future investigation. Overall, RBggh@®&vLMD IASI well
captuesthe spatiatmporal distribution of dust aerosols over the dustibddoth daytime and nighttimzanthereforebe used

345 to understand the dayightvariations industaerosols
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Figure3: A bivariate histogram (log scale)of IASI DOD versus AERONET CAOD over (a) all the 46 AERONET
solar sites and(b) 11 lunar sites across the dust belt (see locations in Tables 2 and 3, and Fig. $19.the
correlation coefficient between IASI DOD (scaled to 500 nm) and AERONET 500 nm CAORMSEis the root
mean square error, ard N is the sample size of IASIAERONET collocations.

350 3.2Characteristics of daytime and nighttime dust activities over the dust belt

In this section, we examine tleharacteristics and differencbstweendaytime (9:30 a.mlocal solarECT) and
nighttime (9:30 p.mlocal solarECT) DOD and dust layer height fromaMD 1ASI, along with CAOD fromnine selected

AERONET stations andurfacePM;o concentrations fronthreeLISA sites.Herg a meanuniform scaling factoof 0.60 is
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used to convert both daytime and nighttime L@ OD to 500 nm. Using individual ratios will slightly improve the consistency
355 between IASI DOD and AERONET CAD(not shown) but may lead to some biases in thenilgyt differencesFigure 4
shows the annual and seasonal mean climatology (p@@20) oflASI 500 nmDOD, AERONET500 nmCAOD, and surface
PM;jq concentration for daytime, nighttimend daynight difference. Both daytime and nighttime DOD show similar seasonal
cycles. In winte(DJF), the dustiest regions occur in the southern parts of the Sahel to the Guinea CodstdJiBy spring
(MAM), the maximum DOD begins to transition northward to the central to northern parts of the Sahate, (Fignd
360 maximizes around summer (JJiAXhe central to the northwestern Sah@ig. 4d, i). similarly, a pronounced DOD maximum
is observed in the otral parts of the Arabian Peninsufarthwestern parts of tHadian subcontinentaround the Iragi and
Irani desertsand theTaklamakanDesertin northwesternChinain JJA DOD reduces in fall (SON), with a magnitude
comparable to that in DJF over thidddle East and Asia, but slightly stronger over8adardDesertyet weaker over the Sahel
(Fig. 4e, j). Such seasonal migratiasf dust maximais largely driven by the meridionamigration of the Intertropical
365 Convergence Zone (ITCZ) and generatignsstent with previous studies about dastosolsin this region via satellite
retrievals (e.g.,Ginoux et al., 2012; Pu and Ginoux, 2018; Yu et al., 2019; Chédin et al., 2020; Vandenetssgi020;
Yu et al., 2021; Li et al., 2021)
Figure4 also demonstratesatisticaly significart (95%confidencdevel) differences between daytime and nighttime
DOD. The daynight differences in DOD, i.e., daytime minus nighttime, @ositive werthe majordust source regions.€.,
370 mostparts of theSaharathe central Arabian Peninsulparts ofSouth Asia aroundeast Iran southwestAfghanistan and
central Pakistarandthe Taklamakan Desgiet negative over regiomeardust sourceg.e.,the southeri$ahelo the Guinea
Coast, the souttasterrcoast of the Arabian Peninsula, arehtral tosoutherrndia). It is also important to note that there is a
seasonal variabilityn the magnitude of the dayight differences in DOD, with th&argest magnitude of the dayght
difference inDOD in DJFandMAM (Fig. 41, m) andaweaker magnitude idJAandSON (Fig. 4n, 0). The spatial pattern of
375 thedaynight differences in DOD idJAis generallyconsistent with the dagight difference in dusemissions over North
African dust sources shown by &lin et al.(2020; e.g., their Fig. 4nd Todd and Cavazd3uerra(2016; e.g., their Fig. 8)
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Figure 4: Annual (Ann) and seasonal means dfMD IASI DOD (scaled from 10mm to 500nmusing an IR/VIS ratio
of 0.60) from 2008 to 2020 at (d)(e) daytime (9:30 a.mECT), ()i (j) nighttime (9:30 p.m. ECT), and (Ki o) day-night
differences,alongwith LISA PMioconcentrations averaged over 206020 andAERONET CAOD overlayed as star
and dots respectively The white color denotes oceanic grid cells and missing values over land.(ki 0), areaswhere
day-night differences in DOD do not passhe 95% confidencelevel (t-test) are masked in greyThe magentaand greer
colors around the edges of LISA and AERONET sites in (ko) show sites where the dapight differences in CAOD
or PM1o concentrations pass the 95%and 90% confidencelevels repectively

Surface observations of dust propertiesase examined taccompare withresultsfrom IASI products AERONET
380 CAOD overlayed as circles on the IABDD show the two datasets generally agree orsd@sonal daytime and nighttime
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distributions of dust aerosols (Fi¢ai j), but the daynight differences imostseasons are insignificapartially due to smaller
sample size and lower quality (level 1.5) of lunar d&tmong all the sites analyzed, only I1za and Mig sites show significantly
positive daynight differences in CAOD in MAMwith Mig largely consistenwith IASI DOD. The inconsistency between
IASI DOD and AERONETCAOD insomeAERONET sitegnayalsobe partially due to the uncertaintiessulting fromusing
CAOD to approximate DOD anghcertainties inASI retrieval (see discussion in section 3ag)wdl.

Surface observations 8M;o concentration at bothdaytime and nighttimérom LISA are also overlayed as stars on
the IASIDOD in Fig. 4. For consistent comparison with IASI DOOSA hourlydata is averaged over tintepsapproximately
within £30 minutes of IASI pixels that fall within 30 km radius from each LISA skihoughDOD and surfacd®Mig
concentratios reveal different aspect of dust activities., IASI DOD shows vertically integrated column extinction due to
coarse dust, whil®M;io concentratioa reveal neasurface concentrations of large particles including both dust and sea salt
(usually dominated by dust in dust source region®) found thathese resultshare similarities in terms of élday-night
variations For instancethe daynight difference in Piyover Cin in JJA and Ban in DJF (Fig. 4n, |; significant at the 88%
95%confidence level respectivelyare quite consistent with IASI DQD

IASI also retrieves dust layer height, a variable that can be useful in chaiagt¢nie daynight difference irthe
distribution ofdust &rosols Figure 5 shows the annual and seasonal mean climatology of daytime, nighttime, -amghtiay
differences in dust layer height. The dust layer height reaches abibBitk4n in dust sourceegions over the Sahara Desert
and the Sahel, the central Arabian Peninsula, and the deserts in Central and East Asia in the annual mean (Fig.réa, f), and
generally higher in DJF and MAM seasons (Fig. 5b, ¢, g, h) and lower in JJA and SON (FigTbe,ljwver summertime
dust layer height is somewhat in contrast to previous stugieg CALIOP(e.g., Yu et al., 2010; Clarisse et al., 2019; See
Fig. S3 and more discussion beloWggative daynight differences in dust layer height, i.e., lower dust layer heiglztydime
thannighttime,are observed mainly in dust source regions (e.g., large parts of the Sahara Desert, Arabian Peninsula, and th
Taklamakan Desert), while positive differences are fouet the dust downwind regions (e.g., the southern Sahel to the
Guinea Coast and large areas in the Indian subcontinent (Fig). 3khe magnitude of the dayght differences in dust layer
height showselatively smallseasonal variations. Overathe spéial pattern of the danight differences imust layer height
(Fig. 5K 0) is largely opposite to that of DOQFig. 4k 0), which isgenerally consistent with the dust emission index defined
by Chédin et al.(2020)that shows higher DOD and lower dust layer height in dust source regions.
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Figure 5: Same as Fig. 4., but for dust layer height (km) from IASI. Dust layer height is defined as the height where t
of the vertically integrated DOD is above, and the other half is below.

The seasonal cycle of daytiniEe30 p.m.local solarECT) andnight (1:30 a.mlocal solarECT) DOD anddust layer
heightfrom CALIOP is also investigated to compare with IASI data §FB2 and S, respectively. The seasonal cycle of
CALIOP DOD is very similar to 1ASI, consistent with the finds of Yu et al.(2019) although IASI shows largerarea of
high DOD over the Guinea coagt nighttimein DJF (Figs.4g, 2g9). The daynight differencesn DOD from CALIOP are
insignificant for most parts of the dust belt across all the seasons excaptfoow regioroverthe northern Saharandparts
of central Asiaandwestern Chinan MAM, JJA and SONandarein general opposite to IASSuchaninconsistencyn the
day-night differencesn DOD between IASI and CALIORnay partially be attributedto the low signatto-noise ratio of
CALIOP daytime datand differeres in theoverpasgimesof thetwo instrumentg~4 hours apartMoreover,because athe
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narrow swath widtlof CALIOP with a sampling rate of twice per montbgeatycleof 16 days)the afternoon and nigtirhe

observations are not at the same adyich also influence the dayight differences in CALIOP DOD

In contrasto IASI, dust layer height in CALIOP shows maximum altitude in JJA over major dust source regions and

minimum inDJF(Fig. S3). Previous studies show IASI dust layer height is systematically biased low by biati 0.8km

in comparison with CALIORPeyridieu et al., 2013; Capelle et al., 2014; Kylling et al., 20i@yever, here we found that

themaximum altitudes are comparable between the two datasets over North Rigedternoon (1:30 p.mocal solarECT)

and midnight (1:30 a.ntocal solarECT) dustlayer heighfrom CALIOPis also not significantly differerftom each othein

most pars of thedust belt, excemround the southern Sahel to the Guinea CeastiernArabian Peninsula, and parts of the

westernTaklamakan Deseim DJF, western China iMAM , northern and eastern Sahara and part of central Adisjrand

western China in SORFig. S4T 0), while sharing some similarity with |ASverthewesternTaklamakan Desertentral Asia

(JJA), and coastal northwestern Africa (JJR)e differences between IASI and\CIOP dust layer height could be attributed

to several factorgPeyridieu et al., 2013; Chédin et al., 2Q2Q)ch as differerdefinitions of dust layer heighg.g.,arithmetic
meandust layer heightn CALIOP versuscumulative extinction height in IASIand different overpass times thfe two
instruments (CALIOP lags IASiy about 4 hoursXylling et al. (2018)foundthatthe bas of dust layer height in IASI (LMD
version)would belower if CALIOP dust layer heighwasdefined bycumulative extinction heighbstead ofarithmeticmean
and wasshiftedto the observation timef IASI. Their resultgtheir Table 3show a difference df0.053 1.339 km between
LMD IASI and CALIOP for the cumulative extinction ain@.607 1.187 km forthe arithmetic mean.

3.3 Seasonal cycle of dagight variations in dust aerosolsfrom 1ASI, LISA, and AERONET

We compare the seasomalcle of daytime and nighttime IASI DOD with LISA and AERONET grodrased
observations to better understand how-dmht differencesn dustaerosolgpropagate in seasons. kig 6 shows monthly
meansurfacePM;o concentrationgrom three LISA site¢Ban, Cin and Mdo; see locations in Fid) andmonthly mearDOD

from IASI averagd overa 30 km radiuground LISA sitesWe average hourli?Mioconcentrationground+30 minutes of

IASI overpasgime for aconsistent comparison with IAS\ote that the seasonal cycle of LISA records is different from DOD,

with a minimum inJJAassociated with monsoon rainfall and a peakJFandMAM due to transported dusbm the central

SahargMarticorena et al., 2010} he three sites among 1314 N but aligned in an eastesttrajectory of the Sahelian Dust

Transect. Such observations reveal a cleatiadpaariability of dust with highedust concentration over Banizoumbou (Ban)

which is close to the Saharan dust sources but decreases westward in Cinzamaa(@inyMé Bour ( Mbo) ,

of previous studiegMarticorena et al., 2010; Kaly et al., 201Baytime PM;o concentrationis significantly higher than
nighttimein DJFand earyMAM atBan and Cinwhile nighttime dust concentratiémhigher than daytime from latdAM
to earlySON (or lateJJA) at Ban and CinKig. 6ab). Mbo shows similar seasoneycle as Ban and Cin but tlgay-night
difference is largely insignificant (Fig. 6d)ike LISA PMo, daytime IASIDOD is higher than nighttime in most BJFand
MAM months but lower iJJA at Ban and Cinconsistent with the resulshownin Fig. 4. Note thatdifferent fromPMio
concentration, nighttime IASI DOD atMbo is higher than daytimaroughout the entirgear This disparity could partially
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be due to the fact thaiibo site is located along the transport path of the boreal JJA dust plumes, but further from the major
dust sources of North Africa, thus dust aerosols are likely mixed to higher altitudes which may be sampled differently betwee

the near nadir viewing IAShstrument and the surface measurements, and differently between day and night.
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Figure 6: Seasonatycle of(a)i (c) |  concentrations ( "H from LISA sitesand (d)i (f) DOD from IASI at the sami
locationsaveraged from 20@ to 2020 except for LISA ||—IJ in Mbo where the average is from 2002012 The error bars
show standard errors. PM1o concentrationsand IASI DOD are collocated byaveragng hourly LISA data around +30
minutes of IASI overpass time and averaging IASI pixels that fall within a radius of 30 km from each LISA sites.

Similar analysigs carried oubvernine AERONET sitesl§lue dotsn Fig. 1) for IASI DOD and AERONET CAOD
as shown ifFig. 7. AERONET CAODis collocated with IASI temporally and spaljafor consistent comparisdretween the
two datasets€CAOD andDOD showvery similar seasonal cyclesyith maximain late MAM to JJAfor stations in the Sahara
(Dak) andoff the west coast oNorth Africa (Iza, and SCT,)andthe Middle East(Mig, Sha, Mez, and DEywhereaghe
Guinea coasstations (llo and Kof) showed maximudOD or CAOD inthe late DJFto MAM . The largest biasdsetween
IASI and AERONEToccurin Izaduring JJA wherdothIASI daytime and nighttime DODverestimate AERONE3%olarand
lunarmeasurementdt is worth noting that Iza site is located at higher altitude (~2.4 km) and may contain some uncertainties.
In terms of the spatial variability of dust, both IASI and AERAN#Bowed consistenayer all sitesvith maximum DOD or
CAOD in JJA ovemDak, Iza, SCT, Mig, Mez, and DEW, maximum DOD or CAOD in DJF over llo and Kof, and maximum
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DOD or CAOD in late MAM over Sha. Iterms ofthe daynight differences, AERONET is consistewith IASI in Daksite

during JJA with higher CAOD ahighttime than daytimeDver the Guinea Coast (llo and Kof sites), nightt#eOD or DOD

is higher than daytime for mostonths from late JJA to DJRvhich is consistent with IASWhile seasonal véations in day
465 night differencesn CAOD are largely similar to IASI DOD ddak, llo, Kof in JJA and SONdiscrepancies are found €T

in JJA,Mez inJJAand SON, Mig in MAM, Shafrom MAM to SON, and DEW in MAM probablyin association witlthe

relativelysmalkersample size anetlativelylowerquality (level 1.5) oAERONET lunar dataand impacts of sea salt on CAOD

atthecoastal stations

] -4- AERONET daytime

1.004 (a) Dak E (b) I1za 71 -4- AERONET nighttime (c) SCT
1 —— 1ASI daytime

7 —+— 14! nighttime

Mean 500 nm CAQD or DOD

Mean 500 nm CAOD or DOD

Mean 500 nm CAQOD or DOD

Figure 7: Seasonacycle of AERONET CAOD (dashed line) andLMD IASI DOD (solid line) at 500 nmfor daytime (red)
and nighttime (blue). The seasonatycle of IASIDOD and AERONET CAOD were collocated anccomputed foratemporal
range between2008and 2020. However, the temporal range of AERONET varies from site to site but witin 2008 to 202(
AERONET solar and lunar observations are sampled30 minutes of IASI overpass time whereakAS| DOD is averagec
over a radius of 30 km from each AERONET site.
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3.4Diurnal variations in dust aerosols

IASI DOD and dust layer height are available only timoes daily To have a clear picture of the full diurnal cycle of dust
aerosolsdata with higher temporal resolutiarerequired. Here we use station data, tygically 5to 15 minutesAERONET
CAOD andhourly LISA PMi concentrations, to further explore diurnal variationgust ovethedust belt Figure 8 represent
475 the diurnal cycle of surfadeMio concentration in the Sahel (first row) and CA@DAERONET sites (lasthreerows) for
eachseasonwith cyan vertical lines highlighting the overpass time of 530 a.m. and 9:30 p.m. ECTlhe results indicate
that surfacd®Msip concentrations at the three LISA sites in the Sahelian dust belt peak aroundld a.m.LST in the late
morning in all seasons, except Jdfd SONwhen PMo concentratiosarelow due to precipitation scavengiroth Cin aml
Mbo sites haveveningpeals aroundri 8 p.m. local solar timel(ST) (except JJA at Mbo; Fi@b, c), but not very evident at
480 Bansite which shows a peak around mmight in MAM (Fig. 8a). The passing time of IASI is largely consistent with the
timing of maxima irsurface PMo concentrations
At AERONET sites, daytime records (6 a.m. to 5 p.m. for Dak, llo, and Kof Sieesn.to 6 p.m. for Iza, SCT, Mez,
Mig, Sha, and DEW, light yellow shading in Fig. 8) are observed by sun photometer, and nighttime data (6 p.m. to 5 a.m. fol
Dak, llo, and Kof; 5 p.m. to 6 a.m. for Iza, SCT, Mez, Sha, DEW; 5 p.m. to 5 a.m. for Mig; grepgshafig. 8) are from
485 lunar photometer, thus the discontinuity between daytime and nighttime records is likeltlteifferentinstrumentgFig.
8di l). Furthermore, level 1.5 lunar data also have higher uncertainty compared to level 2.0 soldER&BEA CAOD also
peaks in the morning around9a.m. LST for sites in the Guinea Coast (llo and Kof) in DJF, the Sahel (Dak)&Ndrth
Atlantic sites (Iza and SCT), and the Middle East (Miez))JJA which is consistent with previous work in this region
(Schepaski et al., 2009; Marticorena et al., 2010; Kaly et al., 2015; Yu et al., 2019; Yu et al., 2023gondary peak of
490 CAOD occurs in the afternoon around 3 p.m. LST (e.g., at Dak,llépfand Mez sites; Fig. 8d, g, h, k), around 8 pand 4
a.m. inlza and SCT sites. The nighttime peak of CAOD varies in different regions. In North Africa, CAOD maximizes around
3 a.m. in Dak8 p.m. and 4 a.nin Iza, 10 p.m. in SCT, 4 a.m. in llo, and midnight in Kof, while in the Arabian Peninsula
CAOQOD peaks aroun8l a.m. in Mig, 8 p.m. in Sha, and around 4 a.m. in DEW but without a clear peak in Mez site (slightly
higher around 8 p.m. and 1 a.m. in JJA; Fig.IBdDverall, the available AERONET data in the dust belt show that IASI 9:30
495 a.m.local solatECT data lagely captures the early morning peak of CAOD, while the 9:30Ipaal solarECT datapartially
captursthehigh CAOD either after its early evening peak or before its nighttime maxsaevealed byhe comparison with
LISA and AERONET station datéhe daynight variations in IASI DODxould be quite similar tground observed CAOD
and surface dust concentrations at some sites but not.oMtbaugh IASI data containgnly two-time steps, its high spatial
resolution and global coverage provide useful information that complements sparsely located ground observations to hel

500 understand the diurnal cycle of dust.
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Figure 8: Diurnal cycle of (a)i (c) LISA ||—” concentrations (ug m?, ai c) in the Saheland (dii) AERONET CAOD over
sites across the dust belt. The diurnal cycle of LIS®RM1o concentrationswere averagedbetween 208 and 2@0 for Ban
and Cin sites, and between 2008 and 2019 for Mbo sifEhe temporal ranges for AERONET data vary dependingon the
number of records available for both solar and lunar datasets. Theyanlines mark 9:30a.m.and 9:30 p.m. local solarECT.
The grey (light yellow) background shading shows théemporal range of lunar (solar) observations Error bars show
standard errors.

3.5 Daytime and nighttimeDOD from reanalysis products

With global coverage and high temporal resolution, aerosol products from reamalysisbegreat tools to study

diurnal cycle of dust if thelargely capture the observed daight dust variations shown in satellite retrievals. Here we examine

N
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505 daytime and nighttime DOD from MERRA and EAC4 texaminewhetherthey capture the dayight differencein DOD as
revealed by MD IASI in the dust bel After the reanalysis datasetsesampled at IASI overpass timaseach grigointfor
consistency witlsatelliteobservatios asdiscussedh section2.2.5 the annual and seasonal climatology of daytmghttime
and daynight differencesn DOD from MERRA2 and EAC4 are presented in Ei§sand 10, respectively. Like IASI, the
results of the seasonal mean climatology of MERRand EAC4 DOD from 2008 2020 also revealed a higher DOD in

510 MAM andJJAin comparisorwith other season3 he magnitude of the dayght difference in DOD is however very weak in
the reanalysis productadlargely insignificant as compared to tlediASI (Figs9. And 10). Themagnitudeof the daynight
difference iNMERRA-2 DOD appears to biargeonly in the Bodélé@lepressioricenterecaroundl7 N, 18 E), with apositive
differencethroughout the yeand a negative difference to teeuthwes{Fig. 9+o). Overthenortheastern Africaral coastal
area of the Arabian Peninsudand central Asia, some agealso show significant negative differences, i.e., with greater

515 nighttime DOD.The sign otheday-night differences iMERRA-2 DOD islargely consistent with IASIn somepars of the

Bodélédepressiomndsouthern Arabian Peninsula in DJF and MAM and central Asia in JJA but not in other regions or season.
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grid point, and (k)i (0) day-night differences (ki 0). White area over land in (aj (j) denote missing values correpond tc

IA

S| DOD. Areaswhere daynight differencesin MERRA -2 DOD do not pass the 95%onfidencelevel (t-test)in (ki o) are

masked out in grey

A slightly larger portion of the central to northern Sahara, the Middle EasitralAsia, andthe easternraklamakan

Desert are characterized by significant and negativendgyt differencs in DODin EACA4 (Fig. 10I-0). In most of these areas,

the daynight differencesare opposite to that of IASI, except otbe northeastern Sahara, gwmuthern Arabian Peninsula

northwesern Sudanin DJF, and central Asia in JJAln short aerosol reanalyses in general have difficulties in capturing the

day-night differencesin DOD shown by IAS$. This may be partially because reanalyses do not assimilate nighttime

observations (e.g., AERONET lunar data or infrared satellite products) to constrain AOD or DOD.
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3.6 Meteorological factors contributing to the observed daynight differences in dustaerosols

In this section w examine the impagbf meteorological conditions ahe daytime and nightime variations indust
aerosols mainly DOD and dust layer heigfrom IASI, over the dust belisingmeteorologicalvariablesfrom MERRA-2,
530 ERAS5, IMERG, and LISA observational datasets
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3.6.1Day-night differences insurface winds

Wind speed of appreciableagnitude can enhance dust emissions over dust source réggonandefartagas et

al., 1986; Todd et al., 2008; Schepanski et al., 2009; Marsham et al., 2011; Fiedler et al\Wi@d 8yiven dust emissions
over source regioran be suspended in the atmosphere for several hours before depositing onto the surface, thus ssirface win

535 early or later than the passage of the IASI instrument can influence dust emissfBka@terpass timeTo understand the
impact ofsurfacewinds on the daytime and nighttime variationsD®D, we sampled ERAS5 surface winds corresponding to
IASI overpass times (i.e., 9:30 a.m. and 9:30 paral solarECT for daytime and nighttime, respectively; Fig. 13)hours
(6:30 a.m. and 6:3p.m.local sdar ECT; Fig. $), and6 hours (3:30 a.m. and 3:30 p.local solaieCT; Fig. ) prior to IASI
overpass timeDaytime wind speeds strongin magnitude and mostly northeasteslyera large area of North African DJF,

540 MAM, and SONFig. 11b, c, €) with amaximum inDJFover the central Sahara around BwéléDepressionn Chad This
is consistent wittthe findings ofFiedler et al. (2013andSchepanski et al. (200@ho showed &igh frequencyof nocturnal
low-level jets over th8odéléDepression in DIJFThe strong surface winds over dust source regions, such as the Sahara Desert
and theBodéléDepression, not only favéocal dust emissions but also transport di@ithward tdhe Guinea coagFigs.4b,
¢, e) During JJA, following the developmentthieWest African monsoon and Indian summer monssorfacevinds become

545 southwesterlyver the Sahel arttie Guinea Coast and over large parts of the IndigtontinentFig. 11d, i). Consequently,
high magnitude of DODs largely locatedover the nortern Sahel and southern central Sahara betweeMN1&nd30 N in
North Africaand central to northern PakistianJJA (Fig. 4d).
Nighttime wird speedareslightly weakeiin comparison to the daytin{Eig. 11fi j). The magnitude aheday-night difference
in surface winds relatively strongduring DJFR JJA, with a maximum in JJA (Figsl1li o). In North Africa, he daynight

550 differencein surfacewind speed is positiva.e, with stronger daytime windsgnd significant everywhere excepier the
northern portion of the Sahara along the coast of the Mediterranean Sea where the diffenesicenegative for all seasons
and over the Guinea coashere the differences are negatineDJF, MAM, and SON(Fig. 11Ii 0). Daytime surface wind
speedaremore than 2 m'$higher than nighttime wirgin some areas over the Sahara Dedikely resulting in stronger dust
emissions and higher DOD in the Sehduring daytime The weaker daytime winds over the cenfedbianPeninsula and

555 the Taklamakan Desert indicateatthe observeday-night differencsin surface windéikely cannotexplainthepositive day
night differences in IASDOD in these source regionSurface wind speed from MERRA (not showi) revealed similar
results ergeptthat the magnitude of theday-night differenceis higherin DJF in MERRA-2. Similar patterns of daytime,
nighttime, and dayight differences in surée winds are found at 3 to 6 hours prior to IASI overpass time, but with smaller
day-night differences than at IASI overpass time (Figs5p4
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Figure 11: Annual (Ann) and seasonal mearclimatology (2008 2020) at (a) (e) daytime, (e} (h) nighttime and (k)7 (0)
day-night difference in surface windsfrom ERAS5 (unit: m s'%). Data at each grid point are resampled according to IAS
overpass time, i.e., 9:30 a.mocal solar ECT during the daytime and 9:30 p.m.local solar ECT at nighttime. Shading
showswind speed and vectors denote winddirections. Areas where day-night differencesin wind speeddo not pass th
95% confidence level (ttest) in (ki 0) are masked out in greyOnly differences in wind vectors significant at the 959

confidence level are shown.

While surface winds can affect both the emissiamd transport of dust from source regions, the dust uplift potential
(DUP; Marsham eal., 201) better quantiesthe dust emission power of wisidFigure 12 shows the climatology of daytime,
nighttime and daynight differences in DUP calculated using surface vdpdedfrom ERAS reanalysisanda monthly 2D
565 threshold velocityof wind erosionretrievedby Pu et al.(2020) The seasonal climatology of DUP reveals that wind speed
capable of dust emissions is predominantly in the northern part of the Sahel to the centrahi8Hhareentral to eastern
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570

Arabian Peninsulaand around the TaklamakaDesertwith the strongest DUP iDJF, MAM, and JJA The daynight
difference in DUPis positive and significant inthe Saharaand aroundhe central to easterArabian Peninsulalargely
consistent with higher daytime DOD in these regions (Fio)4lindicating stronger daytime dust emissions and likely
contribute tahe positive daynight differences in DODFig. 4). An attempt has been madeaigocompare these results with
DUP calculatedusinga constanthresholdwind velocity of 7 m 4! following Marsham et al(2011) and Bergametti et al.

(2017) and theoverallresults are similagxceptthe magnitude oDUP using a constant velocity threshaddslightly less(Fig.
S6).
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Figure 12: Annual (Ann) and seasonal meanclimatology (2008 2020) of (a)i (e) of dust uplift potential (DUP) at
daytime), (e)i (h) nighttime, and (k)1 (0) day-night difference using wind velocity threshold estimated by Pu et al. (202
and surface wind speedrom ERA5 (unit: m?3 §'3). Wind speeds at ach grid point are resampled according to IAS
overpass time, i.e., 9:30 a.nmocal solar ECT during the daytime and 9:30 p.m.local solar ECT at nighttime. Areas
where day-night differencesin DUP do not pass the 95%confidencelevel (t-test) in (ki 0) are masked out in grey
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How do diurnal variations in surface winds affée¢ diurnal cycle of dusterosolsat LISA and AERONET sites?
Figure13shows the diurnal cycle observed surfacgind speedrom LISA station dat@ver LISA sitesandERAS5 reanalysis
580 over AERONET sites. The cyan vertical lines mark the 9:30 a.m. and 9:30 R@T corresponding to IASI overpass times
Surfacewind speed atLISA sites (Ban, Cin and Mba@ver the Sahel peak in the morning arountill0a.m.LST in most of
the seasons except at Mbitein JJA and SON, where surface winds maximize in the afternoon aBdrm@m. LST (Figs.
134 c). A minimum of surface wind speed usually occurs in the enpanbund 8 p.mor mid-night, with a secondary minimum
around early morning (~ 7 a.mJ)he diurnal cycle of surface Riconcentrations shosimilar maxinain the late morning
585 around 1011 am. and mininain early morning aroundi@ a.m.(Fig. 84 c), cainciding with the variations in surfaceind
speed (Fig. 134 c¢), whichis consistentith the findings of Kaly et a2015)
The morning peak(around 78 a.m. LST)of surface wind speeat AERONET stationdn North Africa (Dak, Iza,
SCT, llo, and Kof)areconsistent with the morning maxima GAOD (Fig. 8d-h), while the wind speed minima in trearly
hours (about ©®10 a.m.) at SCT, anlkhte afternoon t@vening (aroundli 6 p.m.)at most sitegDak, Iza, Kof, and lloFig.
590 13df,g,h) arealsoconsistenwith the minima of CAOD(Fig. 8d h). Over the Middle East sites (e.g., Mig, Sha, Mez, and
DEW) wind speed generally peaks late in the evening (abéyb4n.) in Mig and Sha during JJA (Fig. 13 i, j) and in Mez and
DEW during MAM (Fig. 13k, I), and alsdargely coincides with thenaxima inCAOD (Fig. 8 il). At Mez and Kofstations,
the secondargeaksof CAOD in the afternoon or nighttimlargely coincide withncreases isurface wind spedolt not so at
other sites such as lloln short, the comparison between the diurnal cycle of surface wind speed and QAR
595 concentrationseveal similar diurnal variations, especially for the early morning mirimaind speed an@AOD or PMg
concentratiorandthe late morning maxima. blividual sites showsome local features depending on their distamaelust

sources and ocean, elevation, asdasonality.
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600 Figure 13: Diurnal cycle of (a)i (c) observed surface wind speedt LISA sites and (d (I) ERA5 surface wind speec

over AERONET sitesin different seasons averaged ovet008 2020 for Ban and Cin, 20082012 for Mbo ofLISA sites
and over 2008 2020for ERAS (unit: m " ). Note that 1za and SCT sites are very close to each ath(seeFigs. 1, S:
and Tabels 2, 3), so their surface winds are the same in ERAT he cyan vertical lines mark thel ASI passing time a
9:30 a.m. and 9:30 p.mECT. Error bars show standard errors.
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3.6.2Precipitation

Precipitationis anothefactorthat can influencéhe spatiotemporal variability of dust over the dust i&lgelstaedter
et al., 2006Engelstaedter and Washington, 2007; Knippertz and Todd, 2012; Pu and GinouxP2&dig)tation affects dust
aerosols through wet depositiandincreased soinoisture thamodifiesthe threshold wind velocity for dust emissionsis
thereforeexpected that precipitation everdgsveralhours before 1ASI passageay have impact on dust emissions at 1ASI
overpass timeTo examine the potential impacts of previous precipitation events on the daytime and nighttime variations in
DOD, we analyse the annual and seasonal mean climatology of daytime and nighttime precipitation from IMERG sampled a
IASI overpass time (9:30 a.rand 9:30 p.mlocal solarECT; Fig. 19, 3 (6:30 a.m. and 6:30 p.hacal solarECT; Fig. S7,
and 6 (3:30 a.m. and 3:30 p.local solarECT; Fig. S§. Figure 14 showsdaytimeandnighttimeclimatology ofprecipitation
at IASI overpass time. Theig low precipitationoverlarge areas of the domain, except the western Guinea Coast in MAM,
JJA, and SON, and part of the horn of AfricdAM. The daynight differences in precipitation are only significant over few
spots over the central to the northern SaharJJA, showing slightly higher precipitation rate at nighttime (Fig. 14n), which
may suppress dust emissions and partially contribute to higher daytime DOD in these Adgabiesit 3 hours prior to IASI
overpass (6:30 a.m. and 6:30 platal solafECT; Fig. S7, precipitation rates are much higher at nighttimi#h larger values
along thesouthern Sahel and tii&inea Coast in JJA and SON and over the Indian subcontinent. Precipitation rates are even
higher at 6 hours prior to IASI overpass (3:3M.aand 3:30 p.m. locablarECTSs; Fig. S8). Similarly, the dayight differences
in precipitationat about 3 to 6 hours prior to IASI overpass time also show large insignificant areas (F&jsirféifcating
that wet deposition may not be playing argngficant role in controlling the observed daight differences in IASI DOD.
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Figure 14: Annual (Ann) and seasonal mean climatology (20G2020) of IMERG precipitation (mm hr ') at (a)i
(e) daytime (9:30 a.m. local solar ECT), (f)i (j) nighttime (9:30 p.m. local solar ECT) and (k)7 (o) day-night
difference. Precipitation at each grid point is resampled according to IASI overpass time, i.e., 9:30 a.m. local sc
ECT during the daytime and 9:30 p.m. local solar EQ at nighttime. Areas where daynight differences of
precipitation do not pass the 95%confidencelevel (t-test)in (ki 0) are masked out in grey.

To further explore the impagdf the diurnal cycle gbrecipitation on dusierosolsve examined precipitaticat LISA

and AERONET stationgsing LISA and IMERG observatioifBig. 15). From LISA observations over the Sahel, precipitation
peaksin JJAaround early hours of the da¥ &.m. to 8 a.m.overBan and Cinn JJA(Fig. 15a,b) and late afternoon to early
evening 2 p.m. to 7 p.m.Jover Mbo in JJA and SONFig. 15c) which is consistent with previous studies in this region

630 (Marticorena et al., 2010; Kaly et al., 201%he higher precipitation ratdrom midnight to early morningn JJA possibly

34



contribuedto thelower daytime PMo concentration in Ban and Cin (Fi8a, b)leading to a negative dayight difference in
PMjgconcentration aBan and Cin(Fig. 4n)
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Figure 15: Diurnal cycle of (a)i (c) observedprecipitation over LISA sitesand (d)i (i) IMERG precipitation over AERONET
sitesin different seasons averaged ove2008i 2020 for Ban and Cin, 20082012 for Mbo of LISA sites, and 20082020 fot

IMERG (unit: mm hr '1). The cyanvertical lines mark IASI passing time at9:30a.m.and 9:30 p.m. ECT. Error bars show the
standard errors.
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Precipitation from IMERG reveals that Daitich is collocated witlISA Mbo site,has a peak in JJA arouBgh.m.
635 to10p.m.and around 2.en. in SON(Fig. 15d), whichis somewhat different from station observations (Fig).IBgeincrease
in precipitationin the afternoon anthe maximaaround %6 p.m. (34 p.m.) atDak, llo, andKof sites in JJAand SON(Fig.
15dg, and hroughly coincide with CAODminimaaround 56 p.m. (Fig. 8dg, and k, suggesting thatet depositiorikely
redues airborne dustAlso note that since AEROENT CAOD data are cloud screened, few records are available during
precipitationprone hours. Thus, the senging effect of precipitation on dust may not be fully illustrated on the AERONET
640 CAOD time seriesThe coastal sites i.e., Iza and Skave higheprecipitationratein DJF andSONthan other seasonwith
amaximumat about 6 a.m. in Iza and around ddw SCT (12 4 a.m; Fig. 15e, f, anda secondary p&aat noonin SCT(Fig.
15e, f) The morning precipitatiomaximain lIza and SCTmayalso cantributeto minimain CAOD in the early hours of DJF
andSON(Fig. 8e, f).Nonethelessn the Middle Eastthe precipitation maxima arou8cp.m. in JJAat Mez(Fig. 1K), 3a.m.
in DJFat Mig and ShgFig. 15 andj), and5 am. in DJFat DEW (Fig. 13) largely correspond temaller CAOD in a few
645 hours latein DJF andSONover ShaMig, andDEW (Fig. §, j, I), but not seevidentin Mig andMez (Fig.i, k).

3.6.3Planetary boundary layer height and atmospheric stability

The planetary boundary layer (PBpys a vital role irregulatng the vertical mixing andransportof near surface
aeosols,including dust aerosolKnippertz and Todd, 20127 convectiveplanetary boundary layen a clear, sunny day
over desertegionscan enhancdustemissionsaand vertical transpofSinclair, 1969; Oke et al., 2007; Ansmann et al., 2009;
650 Knippertz and Todd, 2012fForregions far away frordustsources withittle local emissionsthe rising boundary laydikely
promote horizontal and vertical dispersélaerosols leading to reductiamin their concentratios(Petdja et al., 2016;aPet
al., 2014; Li et al., 2017; Lou et al., 2019)igh concentratiosmiof absorbingdustaerosolswithin the boundary layer can
enhance the absorption and scattering of significant amount of solar radietogasing the net radiation at the surfadsich
canreduce the sensible hehixes needed tdrive the PBL evolutionleading to a muchh&llow PBL height (PBIH; Li et al.,
655 2017) A shallower PBLH can further increase surface concentration of aerosols leading to a positive feedifacktiabp
2017) It is thus importantd examine the impacts tife PBLH on the daynight differences imustaerosols
Figure 16 showthe climatology oPBLH at daytimenighttime and theday-nightdifferencesover the dust beftom
ERAS. The PBLH is highest during JJ# daytime with higher values over the Guinea Coastitral Sahara, and large esea
of Eurasialn generalthe day-night differencan PBLH is positive everywhere in ttetudydomain, withsmallerdifferences
660 (0~400 m) over major dust source regions, e.g., the Sahara Dabertsentral to easterArabian Peninsulaand the
TaklamakarDesert(DJF, SON; Fig. 16l, obut larger differences>@00m) over the Guinea coast, western Arabfamninsula
large parts of the Indiasubcontinent, andround the Taklamakan Dese(MAM, JJA Fig. 16n, n). These results are
consistentwith similar analysis from MERRA (Fig. ®) except MERRA2 PBLH is much higher than that frofBRA5,
especially during the nighttime by about 1000~1500 m over the Sahara and the Arabian P&hiaslidarepancies are largely
665 due tothedifferentmethods used to estima@@BLHSs in the reanalyses, with the bulk Richardson number meikody used
in the ERA5(Zhou et al., 2021)
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675

A careful examination of thesesultsrevealsthat theoverall patterrof day-night differences in PBLH (Fig. 16b)
is somewhasimilar to the pattern ofhe daynight differencesn dustlayerheight(Fig. 5k 0) but opposite to the structure of
day-night difference irDOD (Fig. 4k 0) in IASI. The largeday-nightdifferencesin PBLH over thesoutherrSahelthe Guinea
Coast,andthe Indiansubcontinentindicate that growingPBL during daytimes likely entraining dust aerosols into higher
altitudes where they are susceptible to upferel horizontal transparfhe dilution maycontribute tathe negativeday-night

difference in DOD(.e., lower daytime DOD than nighttimi) the regions
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Figure 16: Annual (Ann) and seasonal mean climatology (20G2020) of planetary boundary layer height(PBLH) at (a)i (e)
daytime (9:30 a.m.local solarECT)), (f)i (j) nighttime (9:30 p.m.local solarECT), and (k)i (0) day-night differences from the
ERAS. PBLH at each grid point is resampled according to IASI overpass time, i.e., 9:30 a.m. local solar ECT during
daytime and 9:30 p.m. local solar ECT at nightime. Areas where daynight differences of PBLH do not pass the 959
confidencelevel (ttest)in (ki o) are masked out in grey.

An examination of theonvective available potdat energy (CAPE; Figl7) andvertical velocity at 850 tPa (Fig.
S10) further showhigherCAPE along withrising motionover the Sahel, the Guinea Coast, and the Iraiacontinent during
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the daytimgFigs. 17ae, SL0ai e), which mayvertically mix dust aerosols into the free troposphierehorizontal dispersion,
leading tolower dustconcentratioa and DODandhigherdust layer heights at daytimeor example a higher daytimehan
nighttime CAPE over theoutherrSahel éxtending to the northern Sahel in JJA and SBWYl;17ki 0), the Guinea Coast (DJF,

680 MAM; Fig. 17, m), and thecentrallndiansubcontinent (MAM; Fig17m) is consistent witlan upward motion in theouthern
partsof the Sahel, th&uinea Coastand the central thenorthern Indiarsubcontinenduring the daytne (Fig. SLO bi e) and
lower daytime DOD (Fig. 4ko) and higher dust layer height (Fig.i B
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Figure 17: Annual (Ann) and Seasonal mean climatology (2002020) of convective available potential energy (CAPE
at (a)i (e) daytime (9:30 am. local solar ECT), (f)i (j) nighttime (9:30 p.m.local solar ECT), and (k)i (0) day-night
differences from the ERA5. CAPE at each grid point is resampled according to IASI overpassme, i.e., 9:30 a.ir
local solar ECT during the daytime and9:30 p.m.local solar ECT at nighttime. Areas where daynight differences o
CAPE do not pass the 95%¢onfidencelevel (t-test) in (ki 0) are masked out in grey
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710 4 Discussion

While IASI productsprovide a viable source of information on global distribution of dust aertscolsmplement
ground observationsuncertainties associated with the limitations thé instrument, retriezl algorithm, and sampling
frequency may adtb the uncertainty of oufindings. Theinability of satellite to observe through clouds major setback in
aerosol studies using satellite prody&shepanski et al., 2007; Heinold et al., 2018%I infraredsensor cannot obserdest

715 aerosolaunder cloudyconvective systems such as haboehgh oftenoccurover North Africa in the evening periodikely
leading toa mdrning bias with more available data #tte morning overpass i.6;30 a.mJlocal solarECT (Chédin et al.,
2020) This could possilg affect the daynight differences in DODand dust layer heighibserved from IASI over the
convective regions (the Sahel, the Guinea Coast, and the butieontinentespecially on the daily time scalaytlikely has
little effect on the monthly time scade climatological meafChédin et al., 2020n the other hathy a rigorous cloud masking

720 methodis used for LMD IASI product$o ensure high confidence in cloud identificat{®erangelo et al., 2004; Crevoisit
al., 2009; Pernin et al., 2013; Capelle et al., 2008k to this, some aerosol loadimgpecially over the dust source regions
could be mistaken as clouds and screened out, leading to an underestimation of the acii@d et al., 2018)

Otherpossible sourceof uncertaintyof IASI retrievalsinclude weak sensitivity to dust aerosah the first hundred
meters above the surfaaad difficulty in capturing lowDOD of similar order or smaller than the sensitivity of the instrument

725 (Capelle et al. 2018)Vhile the passing times of IASI largely coincide with the times of the two mosiriang dust emission
mechanisms in the Sahara Desert, i.e., breaking down of the nocturdal/&hjets in the morning and mesoscale convective
systems (haboobs) at late afternoon to evehimgrs(Schepanski et al., 2009; Knippertz and Todd, 2012; Marsham et al.,
2013; Chédin et al., 20203omesmall dust events before and after the passad@ 9 (9:30 a.m. and:30 p.m.local solar
ECT) could be missed-or those large events that occur a few hours before or after IASI observations, while IASI rbay still

730 able tocapture them, the location of dust plunesftenshifted from their original locationdepending o the direction of the
prevailingwinds. Future studie®f dustaerosolsusing instruments with different overpassing tatikely will complement
and improve our understanding of the diurnal cycle of dust aerddolgsever, despite these challenges, the-nigit
differencesin IASI DOD arelargely consistent with the dayight differencein CAOD and PMo concentrationfrom ground
obsevations.The presence of orbital gaaround théropicsin current IASI productss partially addressed by the lauresof

735 IASI onboard MetOP-B and MetOP-C satellitesin 2012 and 2018respectively(Carboni et al., 2013; Kliser et a2013;
Chédin et al., 2020)uture investigations using IASI from these satellites and algorithms different from LMD are warranted
to confirm and overcome some of the limitations in this study.

We usedbstation products (i.eAERONET CAOD and LISA PMy) to evaluate IASI DOD andxaminethe diurnal
variability of dust as a complemeotthe day-night differences inASI DOD. However, many factors may affect the reliability

740 of station data as welmaking them less reliable to be used in this stddRONET products are provided in three levels

based on the quality of the data i.e., level 2 (cloud screened and quality controlled), level 1.5 (cloud screened byt not qua
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assured), and level 1.0 (raw data: neither cloud screened nor quality coptflietdof effort was made to use level 2.0 data
in this study, but there were sites where level 2.0 dataumagailable, so, level 1.5 data was used instead. Moreover,
AERONET lunar data is still under development and level 2.0 is not yet availabte, lesel 1.5 data was used. The use of
745 level 1.5 dataand generally smaller sample size of lunar data than solacdialé also introduce additional uncertainties to
the examination of dagight differences irdust aerosols. In addition, comparing betwe#ferent observational platforms
can be challengingThe sensitivityof AERONET observationsto cirrus clouds can troduce significant amount of
uncertainties in the aerosol retrievé@nirnov et al., 2018¢specially over sites close to the tropicsaddition, comparing
between different observational platforms can be challenging. For instangearing between mass concentration {§fsind
750 vertically integrated (DOr CAOD) quantities is not straight forward agyltharacterize different aspect of dust. Despite
these uncertainties, both station and IASI products largely agren the seasonal climatology of dust and in ssiteson
the daynight differences imlust aerosols over the dust belt.
In addition to the meteorological variables discussed abwealso found slightly higher relative humidity &07
hPaduringnighttimeover the Guinea Coast atite south coast of Indinot shown) that may partially contribute to the higher
755 nighttime DOD via thénygroscopic growtlof aged dust, although the overall effect is hard to quantify in observdtiand.
surface variables such as soil moisture may also affect dust emissiensiarisl regions. Howevegur examiration of soil
moisture from ERA showedthat thedifference insoil moisturebetween IASI daytime (9:30 a.rfocal solarECT) and
nighttime (9:30 p.mlocal solarECT) overpasses small andnsignificant indicatinga likely negligible impacon the day
night differences in DODWhile surface wind speed, precipitation, PBLH, and atmospheric stability all affectigtay
760 differences in DOD and dust layer height to some extent, they may be fundamentally driven by ¢actongrsuch agiurnal
cycle of surface radiatigmnd modilated by local land surface and circulation features. Additional sensitivity tests are needed
to further quantify the relative contributionioflividual factors to the dayight differences in dusterosolgevealed by IASI

and station datand will beaddresedin our future study

5 Conclusions

765 While dust aerosol remains one of the kagtorsaffecting the climatsystem, constraining the full diurnal cycle of
dust from current visible satellite products and spgaieeated grounabservations presis a challengeyhich continue to
contributein large portion tahe sources of uncertainties in estimating the total radiative formiraprosolsand projecting
climate changeUsing theequal quality performander daytime (9:30 a.m.local solarECT) and nightime 9:30 p.m.local
solar ECT) observations, and global coverage at fine spectral and spatial resolutibMDofASI products this study

770 investigates the dayight differences in dusterosolsover theglobaldust beltof North Africa, the Middle East, and AsiA.
comparison between IASI0 mm (scaledto 500 nm)DOD and AERONET500 nmCAOD revealed an overall correlation
coefficient of~0.75 for 46 solar sites anet055 for 11 lunar sitesjndicating IASI exhibits reasonably wié performance in

capturing the spatiotemporal variability of dust events over the dust belt.
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IASI showed significant (95% confidence level) eaght differencesn DOD and dust layer heightithin the dust
belt, with higher DODand lower dust layer hdigduring the daytimever dust source regioirsthe central to northern Sahara,
the ArabianPeninsulathe northwestern Indian subcontinent, and Tlaklamakan Desert. Over the southern Sahel to Guinea
Coast andarge area othe IndianSubcontinentnighttime DOD is observed to be higher than daytialeng withlower dust
layer heightat nighttime The daynight difference in DOD are largerand moe significant inMAM and DJF than other
seasonswhile daynight differences in dust layer height shiittle seasonal variation¥he higher daytime DO dust source
regions (e.g.the central Sahara, tieabian Peninsal northwestern Indian subcongint,andTaklamakan Desérarelikely
associated witthigherdust upliftpotential( DUP) during daytimen these regions and largeragnitude opositiveday-night
differencedn surface wind speadn the Sahara Dese@ver some spots of the Sahateg central ArabiarPeninsulaandthe
northwesten Indian subcontinenslightly highemighttimeprecipitation rate mageduce airborne dust and partially contribute
to higher daytime DOIn JJAas well.

Thelow daytimeDOD overdownwind regions, such &ise southern Sahel, Guinea Coast, and#mdral to southern
Indian Subcontinent coincides with arelatively higherplanetaryboundary layer heigh(PBLH) and greaterconvective
available potentiaénergy(CAPE) at daytime thatorresponds to aunstable atmosphereThe growing PBLHduring the
daytimelikely entrains dust aerosols into upper leyedsulting in a higher dust layer height dadouringhorizontaltransport
of dust whichlikely dilutes columnconcentratioaof dustandresults in loweDOD during daytime

Seasonal analysis of dayght differencesn DOD from MERRA2 and EAC4 revealed that reanalysis products
largely capture the temporal and spatial variability of DOD on the seasonal sdaliéebito capture the dayight differences
in DOD in large parts of thdust beltexcept in a few dust hotspots over North Africa, such as the northeastern Bodélé
Depressiorin DJF and MAM(MERRA-2), andover parts of northeastern North Africa in DJFA &hd SON and over the
southern Arabian Peninsula in DJF (MERRAN EAC4)

Usinggroundbasedneasurements from LISA and AERONBbservationsye have shown that dust aerosols exhibit
a spatiallyvarying diurnal cycle across thdust beltwith higher coessemode aerosol optical depth (CAQENnd PMo
concentrations in the morning hoyi® 9 a.m.in CAOD and9i 11 am. in PMyg) andlate afternoon (34 p.m. in CAOD and
61 9 p.m. inPM;g) andmidnight(PM,g) to early morning (CAODin the Sahelhigher CAOD in the afternoon (34 p.m.)and
early morning (25 a.m.)in the Arabian PeninsulaThe day-night difference in CAOD between 9:30 a.ntocal solar time
(LST) and 9:30 p.mLST arealsolargely consistent with dayight differences ilASI DOD in sign and magnitudat some
sites but not otherpossibly due t@ smalleisample size of AERONEILInar data

In conclusion, this work has showimat daytime dusterosolsround9:30 a.mlocal solarECT over the dustdt is
significantly different fom nighttimeat 9:30 p.m, local solarECT, and such dayight difference arelargelyinfluenced by
the local meteorological conditionprimarily, surface circulation, precipitation, and turbulent moteer the dust belt.
Despite the uncertainties astded with satellite productend station datahe findings add to our current understanding of

the diurnal of cycle of dust in major dust source and downwind regions.
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