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Response fortheeditoron A The ef fect of high dust amount on the surface
study using MIROC-ESM0 by Rumi Ohgaito et al

Edi tords comments to the Author:

The new manuscript is largely improved and the comments from the reviewers have been thoroughly taken into account. The
manuscript is therefore good for publications after the sétol

the reviewers, with manuscript starting on page 7).
We wish to express our appreciation for the editor for the careful comments and suggestions. We modified the manuscript following
your suggestions one by one.
Theeditorb s comment s ar e wurirepliesare inichraradierséndlie calar. d
Minor corrections.
1. Introduction
page 8, line 1: was => is
changed
page 9, l'ine 2: remove comma after #Ai.e. 0
removed
page 10, lines 2-4: reformulate the sentence, for instance: Lambert et al. (2013) used two General Circulation Models coupled with
online aerosol models and obtained underestimated dust flux and radiative forcing. This underestimation was global, but more
pronounced over the polar regions and they suggested the possibility that it contributes to an underestimation of polar amplification

for LGM and future projections.

The sentence is replaced to what you suggested.
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page 10, line 5: supposed => defined

changed

page 10, line 12: during => for (the LGM) and in => for (the PI)

changed as you suggested

page 11, line 2: addressed => addresses

changed
2. Model and experimental design
2.1: description of the MIROC-ESM
page 11 lines 13-1 4 :
changed

page 12, line 7:
inserted

page 12, line 18:

repl ace

Changed, following your suggestion.
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2.2 Experimental design

page 13, line 13: please insert Fig A of the supplementary material in the main text.

The sentence is modified to Fig. A in the main text.

3. Results

3.1 Dust amount and comparison with data archives

page 14 (and page 13, line 15 and 16). The tables are not listed in order

The numbering of the tables is changed to in order.

page 15, line 2: fAbut the 1t o@@2T@BOTghPl ¢eassighafiftand38TVhgmas!|l emall er
know which load corresponds to which simulation.
This part of the sentence is changed to more precisely to fbutthe load of LGMglac.aJ 9 Tg) i s about 60 % of

(62

Tg) 0.

3.2 Surface temperature at LGM and the effect of glaciogenic dust

page 16, line 5: latitude => latitudes

changed

page
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changed following your suggestions

page 16, line 14: | think the reference is to Figure 7g, not 7¢

Thank you for pointing out the error. It is corrected.

page 17, line 6: please inset Fig B from supplementary material in main manuscript

The sentence is modified to Fig. B in the main text.

page 17, l'ine 11: the reference to Krinner

Thank you for pointing out the error. The reference is added and the text is changed.

page 17, line 13: isopleth => isotherm

changed.

3.3 aerosol-radiation and aerosol-cloud interactions by dust

page 18, sect i o-elated aerbsel-radiationiahdderdsa-cilso ud i nt eredec?t i ons o

The section title is changed following your suggestion.

page 18, Il ine 3: add Aincluding dust i mpactso

added
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page 18, line 5: clarification is needed here: is the aerosol-cloud interaction estimated with the comparison of the standard

experiment with another experiment without dust at all? or without dust in the cloud radiation package?

The text is changed to fAwithout dust at all o.

5
page 18, line 10: insert Aresults fromo before Aprevious studieso
inserted

10 pagel19, I ine 16: insert fidue to dusto after fAperturbationo
inserted
3.4 influence of glaciogenic dust on the ocean

15 page20,lines16-17: t he sentence AThe different behaviour ¢é LGMglac.e. d can
section.
The sentence is deleted following your suggestion.

20 page 21, line 8: insert Afor LGMglac.e compard to LGM.eo after #fAincr
inserted

25

marked up manuscript follows:
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Effect of high dust amount on surface temperature during the Last Glacial

Maximum: A modelling study using MIROC-ESM
Rumi Ohgaitd, Ayako Abe-Ouch??, Ryout a  G0Tioshihiko Takemura Akinori Ito!, Tomohiro Hajimd, Shingo
Watanab& Michio Kawamiya

LJapan Agency for MarinrEarth Science and Technolgg§okohama236-0001, Japan
2Atmosphere OceaResearch Institute, University of Tokyo, Kashiwa, Chiba-2384, Japan
SResearch Institute for Applied Mechanigsushu University Fukuoka, 8168580Japan

Correspondence td&Rumi Ohgaito(ohgaita@jamstec.go.jp

Abstract. The effect of aerosols is one mfany uncertain factors in projections of future climate. However, the behaviour of mineral
dust aerosal(dust) can be investigatedthin the context of past climate chandde Last Glacial Maximum (LGM) is known to
havehad enhancedust depositioin comparison with the presemtspecially over polar regioridsingthe Model for Interdisciplinary
Research on Climatearth System Model (MIROESM), we conductec standardGM experiment following the protocol dlhe
Paleoclimate Modelling Intercomparis@roject phase 3 and sensitivity experimewite imposed glaciogenic dust on the standard
LGM experiment andve investigated the impagbf glaciogenic dustndof nonglaciogenic dusbn theLGM climate Global mean
radiative perturbatianby glaciogenicand nonrglaciogenic dustvere both negativeconsistent with previous studies. However,
glaciogenic dudbehavedlifferentlyin specificregions e.g., it resulteth less cooling over the polar regions. One of the major reasons
for reduced cooling is thegeing of snow or icayhich resultsn albedoreduction viahigh dust deposition, especialtgar sources of

high glaciogenic dust emissiofllthough the net radiative perturbations in the lee of high glaciogenic dust provenances are negative,

warming byageing of snow overcomes this radiative perturbation in the Northern Hemisphere. In contrast, the radiative perturbation

due tohigh dust loading in the troposphere acts to warm the suriaaeassurrounding Antarcticgprimarily via the longwave
aero®li cloud interaction of dust antlis likely the result of the greenhouse effatttibutable tahe enhanced cloud fraction in the
upper troposphere. Although our analysis focusaghly on the results of experiments using the atmospheric part of thO®IR
ESM, we also conducted full MIROGESM experiments forrainitial examinatiorof the effect of glaciogeniduston the oceanic

general circulation moduléA longterm trendof enhancedvarming was observedn the Northern Hemisphere with incredse
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glaciogenic dusthoweverthelevel of warming around Antarcticeemainedalmost unchanged, even after extendedplingwith
the ocean.

1 Introduction

The Last Glacial Maximum (c.a. 21,000 years before present; L @Mghis the most recent period featuringgeimum expansion
of the land ice sheets in the Northern Hemisphere, has been investlyaimaghly usingvarious paleeproxy records andia
modelling studies (Braconnot et,007a,b, Kageyama et ,a@2006, 2017)Climate modelling is an essential too investigatiors
seeking to clarify the mechanisms of climate changstasdn the Intergovernmental Panel on Climate Change (IPE3€3ssment
reports(IPCC, 2013) Therefore,it is especially important to evaluate tbepbility of numericalmodelsto capture pastlimatic
conditions

Paleoproxy data and modelling studies &ahrequiredfor proper understariing of past climateshowever the focusof this study
Js on modelling. General circulation models (GEMre one of théools usednostwidely for investigation ofthe mechanisms of
both climate and climate change. Theprovementof computational resourcdsms allowed thelevelopnent of models with high
complexity that permit interactive coupling afariousclimatic componentsin comparson with proxy data, previousodelling
experimentdargeting the LGMhavetended to underestimatéhe magnitude otooling especially over high latitudgdlasson
Delmotte et a].2006,2010. The importance dieedback related tdust and vegetatidmasbeen identifiedn Chapter 5 of thée P CC 6 s
Fifth Assessment RepqitPCC, 2013)

It is recognzed that uncertainty over tledfect of aerosols is one of the moaportantfactorsregardingthe radiative perturbation in
estimates of global warmindgdinerd dust is the most abundaatmosphericaerosal even inthe presentlimate For example,

Mahowald et al(2010 investigated the trend of thremount of atmospheridust in the 2 centurybased orobservations and

7
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modelling Theyreportedcorrelation baveen anincrease of desert dust and a net negative radiative perturdati@mination of
proxy datahassuggestdclear enhancement of dust during the LGM, whigsespecially pronounceat high latitudes, e, reaching
levels more than 20 timegeatr thanthe present day over Antarctilaambert et al., 2008, Lamy et al., 20Dhme Fuji Ice Core
Projectmembers 2017Although theenhancement afustdepositionwas foundess over lower latitude#, wasstill several times
higherin comparisorwith the present day (Winckler et,&008).

Although earlierstudies(Mahowald et a].1999, Lunt and Valde002, Claquin et gl2003)haveestimatechigher dust amoust
during the LGMin comparisorwith the preindustrial (PI) period, dust amowtver Antarcticahave tended to benderestimated.
Claquin et al.(2003 estimated the radiative perturbation at the top of the atmosphere (T@4&y. reporteda cooling effect

attributable tadust, butheyalsofound awarming effecdue todust deposition oenow.Later, Mahowald et a[2006a,b estimate

the glaciogenic dust flux and the aerdsatliation interactionTheir standard LGM experiment simulated underestimation of dust

deposition flux especially over high latitudeg comparison with the DIRTMP proxy data archiv€Kohfeld and Harrison 2001)
Then, theyconsidered the effect of sourcesgbhciogenic dust surroundirthe ice sheets and glaciefSuchareasaredefinedto
generate substantial amosiof glacial flourduring glacial perids(Bullard et al. 2016)Thestudy considered the emissiorvafious
fluxesof dustfrom these glaciogenisource aresand a best fit to the DIRTMAP deposition distributisas obtainedAlthough this
estimate could conceal other possible andintmduced processes of dust sowde constitutesan importantstep forwardn the
determination of aeasonable representationbaiththeatmospheric loadingndthedepositioml distributionof dust during th&GM.
However, they did not estimatiee effect of aerosdicloud interactionTakemura et al(2009 used the Model for Interdisciplinary
Research on Climate (MIRO@tmosphericGCM (AGCM) with anonline aerosol module to determibeththe aerosdlradiation

andtheaerosdlcloud interactions for LGMind PI periods dioththe surface anthetropopauseHowever, theyinderestimated the

1 SUppOSeC
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amount of dustlepositionover Antarcticaprobably because they did nminsiderglaciogenic dustLambert et al. (2013)sedtwo : demonstr

General Circulation Modslcoupled with online aerosol modelsd obtainedinderestimated dust flux and radiative forgimgis underestimation : globally

was global,but more pronounced over the polar regions gmay suggested the possibilighat it contributes t@n underestimatioof polar : of undere

amplification for LGM and future projection¥ue et al.(2011) used an AGCM to estimate the aerdsadiiation interactiorfior dust and
theyreported a evidentcooling effect.Albani et al. (2014) supposed high erodibilitya obtain better representation of LGM
dust. They alsdighlightedthe importance othe optical properties and size distributioh dust aerosoldn comparison with the
control settingSagoo and Strelvmo (201&@ppliedanemission factoof 3.4to the dustemissionsn anLGM level CQ experiment
(i.e.,the land sea masindice sheetsvereunchanged from the contydb mimic the high dust situatiomluring theLGM andthey
estimatedthe aerosadlcloud interactionHopcroft et al.(2015 investigated ie aerosdlradiation interaction at the TOA using an
AGCM and the land module of an earth system model (E8&Hed on which thesuggested the necessityfaftheranalyses of
aerosadl cloud interaction as future workhey also summarizetthe global meardust emissiopand loaithgs of thePl and LGM

periods reported iprevious studies. Was suggestetthatthe amount oflustis highly dependerdan the model usedot onlyfor the : during

LGM but alsqfor theP|, The latest review of previous stediis also in Albani et al. (2018). [ in
Anotheraspect of dust ilated taageing othesnow surfacewhichpossiblymodulateshe surface temperatuwia albedoreduction @
Krinner et al. (2006) discussed the importancéhefageing effect of snowparticdarly over eastern Siberia. Their ageing scheme

wasbased orthat of Warren and Wiscombe (12Band Wiscombe and Warren (198Moreover,Ganopolski et al. (201@mulated

theglacial interglacial cycle using an intermediat@mplexity modelin whichtheageing effectvasimplementediia simple scaling

Previousstudieshavenotincluded dynamic ocean in this context, so the impacts on global ocean circulation are unknown
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In summarywe claim that theevaluaion of the total effect of dust on tHh&GM surface temperaturis incomplete. Therefore, this
studyaddressgthe problem by incorporating the effectsagiosdl radiation interaction, aero$aloud interactionsnowageing and
dust ocean interactiaotWe undertookAGCM simulations andull ESMsimulations othe LGM with sensitivity experiments targeting
the effecs of duston climate

The following section explains the moliled and experimental seips. The resultingstimations oflust amount andustdepositioml
distribution are preseéed in Sect. 3.Andthe influence of dust osurface temperatuiie described in Sect. 3.Z0 investigate how
dustmight modulatethe atmospheric statgheradiative perturbatiomttributable todustis described in Sect. 3.3 and the effect of

glaciogernc dust on the ocean discusseth Sect. 3.4The results of the simulations are summediand discussed in Sect. 4.

2 Model and experimental design
2.1 Description of the MIROC-ESM

The MIROGESM (Watanabe et aR011) usedn this study washe versim submitted tdoththe Coupled Model Intercomparison

: addresse

Project phase 5 (CMIP5) and tRale@limate Modelling Intercomparison Project phase 3 (PMIP3). The resolution of the atmosphere

in the models T42 with 80 vertical levels, while that of the ocearbisud 1° (256x 192).Althoughthe model is capabtef computing

the amount ofCOz in the atmospheraye prescribedhe level of atmospheric C@in our experimental seip. The spatially explicit
individuatbased Dynamic Global Vegetation Mo@8EIB-DGVM) (Sato et al., 2007&yasimplementedo simulate global vegetation
dynamics and terrestrial carbon cyclinghe systemputit returnsonly the leaf area index (LAI) to the Minimal Advanced Treatments
of Surface Interaction and Runoff (MATSIR@nd modulgTakata et al., 2003)n this modelthe SEIB-DGVM received several

variablesfrom the AGCM, but it returned only thearbon flux tothe atmosphereAlso implementedvasthe Spectral Radiatién

10
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Transport Model for Aerosol Species (SPRINTARS)line aerosol moduléTakemura et al2000, 2002, 2005, and 2009), which
explicitly treats organic, black carb@nd mineral dust, sesalt aerosolsndsulfate andts precursor gase3his module wasoupled

with the radiation and cloud microphydisahemes to calculate the aerdsadiation and aerosatloud interactions. In the calculation

of theformer,refractive indices depending on wavelengths, size distributions, and hygroscopicwengdbnsideredThe refractive
index of dust aerosolsvas taken from Deepak and Gerl{@®83) but its imaginary pawas reducedor consistencywith recent
measurements of weaker shortwave absorptiot.5362.00 10% at 0.55 micremeter dust (Takemura et al. 2008)umber
concentrationsf bothcloud dropéts and ice crystals are prognostic variatdearetheir mass mixing ratiopendthechanges in their
radii and precipitation rategerecalculated Thus,theaerosadl cloud interactiorwastaken into accour(iSee Takemura et 2009

for more details)The processesontrollingdust generation are the surface wind, vegetation type, soil moisture, LAl, and snow cover.
Once dust is generated, it is transpor&dthe atmospheric circulation amtposited viadhe processes of wdty deposition and
gravitational settlingln this study, glaciogenic dustasimposedfor the sensitivity experiments. The generation of glaciogenic dust
flux followed the estimateof Mahowald et al(20063). This flux was added as tinievariant sources into the simulations amd not
dependent on modelled land surface or atmospheric conditions.

In the MATSIRO module, the effect of dirt in snows., showageing)was consideretiased orthe work of bothvang et al(1997)

and Warren and Wiscombe (198 The magnitudeof dirt concentration at the snow surfas@s variedo fit an observed relation
between snow albedo and dirt concentration (Aoki et al., 2006). The dirt concentration iwascaiculated from the deposition
fluxes of dust and soot calculatedtite SPRINTARSmodule The relative strength of the absorption coefficients for dust and soot

wereweightedas a function ofhe deposition fluxes to obtain radiatively effective amsohtirt in the snow. ‘to

11
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2.2 Experimental design

We performed eight experimenfive using the AGCM part of the MIROESM and three using the full MIRGESM. Thespecific
experiments labelled Pl.a and Pl.e represent the 1850 A.D. control climate of the Pl era, with Pl.e having been s@viitéd to
The previous100-year climatology of sesurface temperature (SST) aofisea ice of the period submitted to CMIR&sused as
boundary conditions for Pl.a. The experiments labelled LGM.e and LGM.a represent the LGM climate following the PMIP3 protocol
(Abe-Ouchi et al, 2015). The LGM.e exparnentwassubmitted to CMIP5/PMIP3 (Sueyoshi et, 013). The LGM.a experiment
wasthe AGCM experiment using the SST and sea ice taken from the PMIP3 LGM experiment (LGM.e). The LGM.e expasment
extended for a further 800 years beyond the PMIP3 péfigd1). The LGMglac.a experimemtasa new experimertased orthe
same conditions as LGM.a, but with an additional glaciogenic dust flux following Mahowald22@83. The LGMglac.naging.a
and LGM.naging.a experimentead the same settings as LGMgla and LGM.a, but without the effect of snageing The
LGMglac.e experimenivasthe full ESM version of LGMglac.a, which branchigom the LGM.e experiment 40 years prior to the
period submitted to CMIP5/PMIP3 (Fifj). The glaciogenic dust flux fronaeh areavasset identical to the estimatef Mahowald

et al.(20063 and theemission areaweredefinedas shown in supplementary Fig.téfollow their workascloselyas possible.e, : (seesupf

the three areas of strongest emissiere the Pampas of South America, central North America, and eastern Sibeviatrastto
nonglaciogenicdust,the emission ofjlaciogenic dustvasindependentf dustemission conditionandit wasemitted constantlfor
consistency witlhe dust flixin Mahowald et al. (20064 ablel(b)). Once emitted itv theatmosphere, theeatmenbf glaciogenic (s
dust waddentical tonon-glaciogeniadust.The integration of LGMglac.e was performed for 940 yebable? lists thedetails of all Z

the experimets.

12
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3 Results
3.1Dust amount and comparison with data archives

The emission flux of dusg(m?y'?) is shown in Fig2 for the Pl.a, LGM.aand LGMglac.a experiments. For the Pl.a experiment,
the major dust sources are the Saharan, Arabian, @uoiiTaklamakandesertsA minor source is also found in the Matitude
regionof South America. Whe these dust sources look reasonable based on the piagesituation, there imolittle dust emission
from theotherplausible dust soursesuch asAustralig southern Africa, and southwesern North America The wet bias ovethese
area in the Pl.aexperiment leads texcessvegetation, which preventtustemission and persists in the LGM.a and LGMglac.a
experiments. Inthe LGM.a and LGMglac.a&xperiments, the dust emission flux in the Saharan,,@aobi Taklamakanlesertss
significantly enhancedyhich is the result of windier anddrier climate during the LGM, with additional emission flux evident from

northern Siberia. In contrast, the emission flux from South America is reduced, which is probably because of increassd &oil m

resultingfromenhancegbrecipitation in this region. For the LGMglac.a experiment, glaciogenic dust emission is evident surrounding

the extended ice sheets during the LGM. The total emission amd2B40@$Tg y'?) for the Pl.a experimen?250(Tgy'') for the
LGM.a experimentand13,400 (Tgy'?) for the LGMglac.a experimerithe btalsimulatedemissios andatmospheritoads are listed
in Tablel.

The globaldust budget can be compared with fineings ofprevious studies. Hopcroft et 2015 summarized it in theifable 1
They clarifedthat the dust amount is highly dependamthe modelnot onlyfor theLGM experiments but aldor thePI experiments.
Our emission and loadalues fall in the middlef the range determined byprevious studiesHowever, they arelose tothose of

Takemura et al2009 for Pl.aand LGMa, probably because the modelsoptedcare from the same model family ansethe same

13
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aerosol moduleThe emissionof LGMglac.a is dose tothat of Mahowald et al(2006), mostlikely because we adopted their

glaciogenic dustbuttheloadof LGMglac.a(39 Tgisabout 60 % of N&2IMg), whkich suggestsloverastimat : significar

immediatedust depositiomatesnearthe sourcearea (Fig. 4) attributableto our assumption of the independence of dust emission
from wind speedThe change in the zonal mean dust loading in the atmosphere for the ratios LGMuadRIGMglac.a/Pl.ais

shown in Fig. 3(a) and(B), respectively In the LGM.a experiment, the dust mass concentration in the Northern Hemisphere is
enhanced, but decreased in the Southern Hemisphere compared with the Pl.a experiment. In contrast, the mass cisncentration
enhanced significantly in botha northern anthesouthern high latitudes in the LGMglac.a experiment.glaelogenic dusteached
higherlevels of thetropospherén the Southern Hemisphere compared with the Northern Hemisfiesean be attributed to the
different conditions oftie strong dust sourcds the Southern Hemisphetbgy areexposed to stronger wiathecause othe lack of
continental landwhereadn the Northern Hemisphere, the strasmurces ofglaciogenicdust arelocated over continenthat are

subject to lowewind speeds. The distribution of dust deposition for each experiment is shown4(alfi(c) and the ratio to Plia

shownin Fig. 5 for comparison with the archives of ice and sediment core datadicated by the coloured circles (Kohfeld et al.

2013, Albani et al.2014). The scatter ploshown inFig. 4(d)i (f) compare the data with the modelled deposition rate at the grids
corresponding to the data locations. The caamd mark typgare used focategorizatioraccording to the area and theeyof core
data.Reasonable correlation is seen for the Pl.a experiment, except in the grids over the Southern Ocean, which are mastly located
the southern Pacific Ocean region. The nwinrceof the dust depogtlin this region is expected to be Arsdia (Li et al, 2010,

Albani et al, 2012), where our model underestimates the emission. In the LGM.a experiment, the dust deposition flux is
underestimated in North America, Eurasia, the South Pacific, the Southern, @ueéakntarctica. In contrast, ihe LGMglac.a

experiment, the underestimation is generally improved. The irgetel linear correlation coefficients in the logarithmic scale are

14
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0.79, 0.62and 0.80 for the Pl.a, LGM.a, and LGMglac.a experiments, respectively. The diffeiretiveslepsition flux between

the Pl.a and Pl.e experiments, LGM.a and LGM.e experiments, and LGMglac.a and LGMglac.e experiments are almost negligible.

3.2 Surface temperatureat LGM and the effect of glaciogenic dust

The surface temperature anomaly for LGNRlaais presented in Fig. 6 (a). The cooling is abo3 8ver the tropics and increase

towards higHatitudes. Themostpronounced cooling is seen over the ice sheets in the northern hemisphere. This general view is { : latitude
seen in Fig. 6 (b) which shows temperature anomaly for LGMglac.a to Pl.a. Egaid (c) show the anomaly of the downward

radiation for LGM to PI for these experiments. Cooled atmosphere atleGMsinr educed | ongwave reaching t
is consistentvith thedistributionof the temperature anomalies in Fig. 6. [ n
Now, we focus on imposed glaciogenic dugte surface temperaturetht height of 2 m is influenced by glagenicdustandthe I
difference of LGMglac.a relative to LGMia presented in Fig (c). The warming (i.e., less cooling compared with the Pl.dtssu

is pronounced in the high latitudes in contrast to the expectation liehyecooling effect of the dugtPCC, 20B).

The changes in the LGMglac.a result relative to the LGM.a result for the net, longrdvehortwave downward radiation at the

surface are presented in Figa), (d) and (g)The figuresrepresenthe total effect of thatmospheric loading aflaciogenic dust on

radiation toward the earth surfaéégure 7g) shows anegative anomalin shortwave radiationearthe strongources ofglaciogenic z
dust as well asn the northern high latitudes and the edge of Antarctica. In cordrpgsitive anomalyf longwave radiation in the

LGMglac.a experiment is pronouncatbundAntarctica and in the northern high latitud€sy. 7 (d)) While thenegative anomaly

in shortwave radiation dominates the net charegetheareas ofjlaciogeniaustemissionthe positive longwavanomalydominates

the region surrounding Antarctica. The radiative perturbatitibutable taheglaciogenicdust is detailed in the next section.

15
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Figure 8 shows that warming of LGMglac.aiLGM.a south fof 55A S
snow (LGMglac.naging.alLGM. naging. a) . T heiresultefangvggeiagtbathatith e wa r mi
follows from the change in the radiation balance in the atmosphere. Moreover, the magnitude of the warming is notlgignificant

af fected by ocean c o Ungdntrast,gnore tha® 8034 ofitlee warmihdjé@ Morteeyn.Hemisphere is the result

of ageing of the snow surfagcasisevi dent by i nspection of the LGWJghedhighdusigi ng. al

deposition rate reduces therfacealbedaas shown irSupplementaryrig. B,and leads toeduction ofreflectedshortwave radiation, :(

T

which overcomes the cooling effect of the dust loading in the atmosphere, resulting in w@igur@(c)). The warming in the

Northern Hemisphere is most pronounced over eastern Siberia and central NortteAwieere large amowgwf glaciogenic dust

aredeposited, and therefore where the albedo of the LGMglac.a experiment is reduced significantly. The snow in the LGMglac.a
experiment thaws earlier in the year tirathe LGM.a experiment over eastern SibeBigbstantial snomeltover a large areaithin

this region acceleratevarmingvia albedoreduction This is consistent witthe results oKrinner aboutsnowageingpreventingthe [ :onthep
accumulation of snow in this regidm. contrast, in centié&North America, the snovws reduced compared with the LGM.a experiment

butiti s still significantly higher t@jsomermakeeageibverJanéugupt eiich ime nt  :isopleth
the thresholaf ice sheet retreiaextension (Ohmura et al. 1996hifted northward by about 1° latitude, which is digantly less

than the model resolutioherefore, the effect of our dust flux on climatéessemeltingof theLaurentide Ice Sheet. Howeyeve

guestion whether the model is able to represent the appropriate ageing of snow under such a highsitiiast fliepoAs this is

beyond the scope tiis study, further evaluation of the effectsssfowageing are required.

16
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3.3dust-related aerosolradiation and aerosag}cloud interactiong : Aerosoli
o

The aerosdlradiation and aerosiatloud interactionsvereestimated using the same method as Takemura(2089. The aerosdél @

radiation interaction was estimatbédsed on thelifference between a standard experimentuding dust impactend amther
experimenunderthe same conditiarbut withoutthe dus affecing radiation The aerosdkcloud interactiorwas estimatebased on

thedifference between a standard experiment aothanexperimenunderthe same condition but without dwstall

The net global mean radiative perturbation (aei@adiationand aerost®kloud) of dust isone ofcooling attheear t hés sur f ace

all the experimentsi.e., Pl.a 10.99 W m? LGM.a: 11.50 W m? and LGMglac.ai1.71 W m? The breakdown of the LGM

experiments relative to the Pl experiment for the change indbalgnean radiative perturbation is listedlable3. The net change I
of the global mean aeroola di ati on interaction at the TQOtAmdurstsOll®gliforl y posi t |
t he LGMgl ac . Abarrdtal.d2018)esmnatizedsthgesult fromprevious studies about aerosatliation interaction at

TOA. Our positive anomaly at TOA is located around the upper end of the previous studies ranging frethtat@tW m2. On

the other handhe change at the surfdsaegativeboth with( 1T 0 W 1'%) andwithout § 0 . V@ rf ) glaciogenic dustThe change

at the surfacés of similar magnitudéo thefindings ofprevious studie¢ e . @25 and0.56 W m? with and without glaciogenic

dust inMahowald et al(2006), T 0.23 W m? in Takemua et al.(2009, a n d.26 W m? in Albani et al.(2014), andit is caused

primarily by changes in shortwave radiation. The net change of the global mean iatoasointeraction at the TOA for the

LGM. aT Pl . a 36\Mens?uBbth thei skortwage.drthelongwave radiation increased with glaciogenic dust, resuhirget

c h an g e39W fn'2 At@he surface, without glaciogenic dustere isnet negativeeduction in comparison witthe TOA. With

the inclusion of glaciogenic dust, however, tharge at theurfacds slightly more negative thatechange athe TOA. Considering
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the total effect of dust, but without glaciogenic dust, the radiative perturbation change at the TOA relative to the surface is small,
whereas the inclusion of glaciogemust results isurfacecoolingvia aerosdl radiation interaction.
Figure 9 shows the spatial distribution of radiative perturbation by dust at the Whikh hasa smaller difference between the
LGMglac.a and LGM.a results compared with the surfaog (i (a)). At the TOA, although the influence of glaciogenic dust from
the Pampas regidn distributecover the Southern Ocean, the positive longwave and negative shortwave radiation almost cancel each
other out. There are local negative effentsrthe strongsources ofjlaciogenic dust but the amplitudes are much smaller than at the
surface Figs. 9 (a) and10 (a)). Supplementaririg. Cshows the LGMglacid GM.a anomaly of aerosiiadiation and aerosatioud
interactiors for the TOA and the surfaget alsopresentshe sameénformation butwithoutthe snow ageing effect. The panels clarify
that theeffect ofsnow ageings independent from radiative perturbation by dust load in the atmospieréigure also clarifies that
the anomaly othe aerosdilradiation interaction tends to be significatthe level of 0.1 W i, whereas theignificance of the
anomaly of theerosdlcloud interaction is difficult taletermineNevertheless, the positive anomaly around Antarctica at the surface
is significant.Thereforealthoughglaciogenic dusthangs the TOA radiation budgeonly marginally, it heatgoolks the atmosphere
andcauses a greatehangen theradiation budgeat the surfaceThe global mean changesulting from the addition aflaciogenic
dust is coolingi(0.19 W m?), butwith local atmospheric heating oveethigh latitudesHereafter we investigate the chargje the
spatial distribution and strength radiation at the surfaaender different climatic conditions

Figure 10 shows the change of the net radiative perturbdtiomo dusat the surfaceforeth L GMgl ac. a1 LGM. a, L GMgl
and LGM. a1 P .The arosgi radiatiommtaracson dominatesarthe massive dust sourcesg., theSahara Desert
Exceptfor suchregions,the aeroséicloud interaction dominates the radiative perturbafidre additionof glaciogenic dusactsto

reduce shortwave radiation. The negative radiative perturbation is distarthe emission araaln contrast, for longwave radiation,
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ageneral positive radiative perturbation resulting from glaciogenic do$ivisus, especiallpearthe strong sourcesf dustand at

the edge of Antarctica. The negative shortwave radiation forcing overcomes the positive longwave radiatiametmttiegources

of glaciogenicdust.However, the positive longwave radiative tpebation plays a role in the regions surrounding Antarctica. The

higher dust loadingn the higher troposphere in tBeuthernHemisphergromotes the generation of cloud mgcleationand high

level clouds, especially in the regions surrounding Antzaclikely resulting in an enhanced greenhouse effect, which warms the

lower troposphere (F&y3(c) and1l). Becauselte dust deposition flux of the standard LGMxperimentis higher tharthe Pl.a

experimenin theNorthernHemisphere but lower in tfButhernHemispherethe impact of glaciogenic dustightbe more efficient

in the SouthernHemisphereSagoo and Strelvm®017) reportedglobal mearcoolingin afi hi gh 6 d u s tonsestenpveith i me n t

our resultdTable3). Thediscrepanciesould aisebecause oflifferent cloud ice nuclei scheef their experimental setting (no z
change of land from their controBnd becaustheir sources ohigh dust emissiowerelocatedmainly indesert ares whereas our

glaciogenic dust sourceselocated inthe high latitudes.
34 Influence of glaciogenic dust on the ocean

We extended the LGM.e experiment by 800 years beyond the original PMIP3 periot)) @&igl the LGMglac.e experimenias
conducted fo®40 yearsBecause the temperatures become eglakib afteryear600in Fig. 1, theaverage of the fine@800 yearss
used for the analyseBhe strength of the Atlantic Meridional Overturning Circulat{8MOC) of LGM.ereducedy about 10 Swn

theanalysigperiod comparedith the spinup period and LGMigic.e The strength of the abyssal célBsipplementaryig. D) is more : The diffel
higher dust der

- . _ lac.e.
stablebutwith differences of few Sverdrup betwad GM.e and LGMglac.eeflectingthe AMOC state Thesurface air temperature LGMglac.e

and SST changes according to the LGMgldoGM.e results are presented in Fig. The zonal mean anomaly of aégmperature
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over land and scatter ptoof the anomaly of the proxdata(Bartlein et al., 2011andof the anomaly of the corresponding model
grids are shown iSupplementary FigkE. It illustratesthelevel of agreemenbetweerthe model and the proxy archiv€onounced
discrepancy igvidentin the northern high latidesaround 70N with someproxy dataover Alaskasuggeshg warmertemperatures
than PJ which is not resolved in all our LGM experiment and the other LGM experiment in PMIP3 méltletaighthe difference
between LGM.e and LGMglacappeaminor in comparison wittthe pollen proxy archivd,GMglac.egenerally exhibitslightly
closeragreement witlthe proxy data

Warming of the SST by the increased air temperdtutesMglac.e compard to LGM.is obvious in the northern high latitudes, but the

magritude of the SST change is mostly below 5 Locally strong warming along the Gulf Stream can be attributed to diffesence
in the strengttof the thermohaline circulatiolthoughinvestigation of the effect of dust on the thermohaline circulasideft for
future work, we note themaight be a possibility oneffect of strongsnowageing in the Northern Hemisphere. In contrakhost

no changes calculatedn the SST around Antarctica (FitR (f)), which confirms that warming around Antarctisanot attributable

to achange in the temperature of the ocearface Even after the extended integration times of our simulations, the high plateau over
the Antarctica, which is often the location of ice core sites, does not warm f(etheseecircled lettersin Fig. 12(a)i (c)). The
LGMglac.e cooling from the Pl.e results for this aiekargelywithin the rangeofadber vat i onal e $Q) (Stermitete s
al., 201Q Uemura et aJ.2012.

The SSTanomalyin boththe LGM.ePl.eandthe LGMglac.ePl.eexperiments appear reasonableomparisorwith the LGM SST
reconstructionshown bycoloured circles (MARGO project membe009) (Fig.12 (d) and (e)). Local cooling of the ocean
temperature is seen in the lee of #wmurce ofglaciogenic dussin Argentina, which would be caused by the negative radiative

perturbation (Fig. 7 and10(a)).
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The zonamean potential temperatuzad salinityanomalies in the Atlantic and Pacific oceémrsthe LGM.e-Pl.e and LGMglac-e
Pl.eexperimentsare presenteh Supplementary Fig, F andG. The positive anomaliga theNorthernHemispherén Supplementary
Figs.F(c) andG(c) are attributable tthe differencen the strengtlof the AMOC betweerLGM.e and LGMglac.e. Theinornegative
anomaly in theupper 100m around 30 S in the Atlantic basircanbe attributed to the effedf glaciogenic dusfrom the Pampa

area

4 Conclusiors and discussion

This studyused the MIROEESM to investigate the effect of mineral dust aemmsal the glacial climate. The repesgations of

climatology by the Pl.a and Pl.e simulations @asideredeasonable for a staté-the-art ESM (Watanabe et al. 2011). The cooling

evident in the LGM.e experimeint comparisorwith the Pl.e results is also generally comparable pathoproxy archives (Figl2).
The netradiativeeffect of globalmeandustduring theLGM is negative, which is the same treasl reportedn previous studies
(Mahowald et al. 2006b, Albani et al. 2014, Hopcroft 2015, Sagoo and Strelvmo 2017). The globalmeandominated by high
emissionof dustfrom subtropical deserts. Takemura ef{2009 suggeste@n LGM-PIl anomaly off 0.9 W mi? for theglobal mean
aerosdl cloud interactionwhereas ouanomalyis 7 0.36 W m? (Table3), eventhoughthe results arbased omnodels from the same
model family. Ths differencein the global mean valuis derivedmainly from the different boundary conditionsedfor the PI
experimentThe SST uselly Takemura et al2009 (Ohgaito et al. 2009-ig. 1) over the warm pdevasabout ® warmer than the

SST used in this study (Sueyoshi et al. 204§. 4), suggeshg different convectivectivity andconsequently, differerdmouns of
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cloud iceand cloud water This tropical difference influences the global mean vatuggstingthat the SST bias dhe control
experimentouldaffectbothregionalandglobal meamradiative perturbations

Thefocusof this study wa®n the high latitudes with investigation othe effect of glaciogenic dubsed omewLGMglac.a and
LGM.a experiments using the AGCM part of the MIRE&SM. The effect of theadditionof glaciogenic dust on climate is evident
mainly as warmingn the high latitude The effect of mineral dust aerosol on climate is highly uncertaircdmlingis relatively
likely (IPCC, 2013)Our results suggest the effect of dust on climate is dependent on background condition. Howglaeipganic
dustworkeddifferentfromthat demonstrated by Mahowald et al. (20G6kihezonal mean. Especially for the northern higtitides,
areas are warmeda albedoreductionbecause of snowgeingandbecause oprolonged disappearancé snow at certaiperiods,
which is especially pronounced in eastern Siberia. Although the longwave radiative pertushatigetivenearthe strong sources
of glaciogenic dust fluxthe snowageing effect overcomes this coolimgsulting in a net increase in temperatdige possibility of
overestimation of ageing of snow effect or our simple emission method may influence the result.

The warmirg effect resulting fronthe additionof glaciogenicdust is also seeim areassurrounding Antarctigahowever it is not
attributable tesnowageing but to longwave aerosdloud interactions. Accounting for this effect would alter the distribution of the
scatterevidentinFig . 5(d) i n the | PCCo6whichshdwihacorfelatorefeastera AntarctiR eopliog during
the LGMwith the future projection

We adopted additional dust sources from Mahowald €2@06, b) as a first stepwhere their glaciogenic dust fliasidentified

as abest fit to theDIRTMAP data archiveNeverthelessas notedtheir deposition flusxdoes not correspond well to new proxy data
at locations in the Southern Ocean. Howeiveour casethis mismatcltanalsobeattributed to a feature of our model, i.e., insufficient

dust emission from Australend South Africawhich is causedainly by overestimation of soil moisture and the resulting excess of
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vegetationlt should be noted that there is still a pbiisy of contamination by ice rafted debris at the edge of sea ice eQant.
study draws attention to the high dust loading over the Southern @waifect the increase in surface temperatireareas
surrounding Antarcticamplying the neessityof investigaton of climate sensitivityto the amount of dust emission in future work.
However over the Southern Ocean, SS&fiectedminimally (Fig. 8) by the surface radiation change (&ig(a) and10(a)), probably
because of the large heat capaoitytheocean.

Glaciogenic dustvasimposed constantly in this study, which is not realisticeality, temporal variabilityof glaciogenic dust should

be dependent on chandssthin wind speed and in the threshold wind friction velocity at which dugsgon is initiatedThus the
independence of dust emissifstom wind speednight causeverestimatiorof dust depositiomatesat the gridsclose toemission
area andunderlow atmospheric loadingHowever, ouresuls arein good agreement with the amurementsf deposition fluxin
general It will be necessary to implemeatbetter scheméor glaciogenic dust isubsequent researcBagoo and Strevm(@017)
prescribedcag | o b mealizgdh ifgh 6 dust e miirdGN-likeaexderanerit. Bemusdowr glacibgbnéc dust sourcase
located inthe high latitudes, the influence of glaciogenic dust emissimmthe surface temperatuagound Antarcticas likely more
pronounced in ousimulationresults

In the tropics, theffect of enhancedustinputon the surface temperature is similar to what Mahowald @10 reported irtheir
studyof the mid to late 28 century but with contrasting effet high latitudes. The major difference is that dust is enhanced at low
latitudes, i.e., the Saha Sahel dought in the 28 century perturbation compared with the additional high dust inputs at high latitudes

in our study, where the background albedo is higbause ofhe extendedreas osnow and iceover.

23



10

15

In the MIROGESM, snow cover in the R (Pl.a) experiment tends to persist in boreal spring over Sibecamparisorwith

reanalysiglata Supplementary Figd). This positive biasnightinfluence the change we see in the LGM.e (LGM.a) and LGMglac.e

(LGMglac.a) experiments.

The strong effecof snowageing is especially significant in the Northern Hemisphere. Because snow ageing has been tuned to fit

modern observations in Hokkaido, Japan (Aoki e28I03, 2006) inhe MIROC-ESM, a strong dust provenaneearsnowcovered

areas is lackinge.g.,asin the glaciogenic dust situation seen in eastern Siberia. Therefore, evaluation of the quantitative influence of

snowageingusingvarious observational sites is needéde albedampurity relationship provided by Aoki et gR003, 2008, in
which ageing starts to work whehe impurity is OLO ppmw explains the reasdior the considerablsnow ageing in th&lorthern
Hemisphere butack of snow ageingver AntarcticaThe deposition flux over Antarctica i$ 8 ordersof magnitudesmaller thantte
regions ofhigh dust emission in thidorthernHemisphereThe threshold of activation aghowageingis in betweerthe high dust
deposition in the NrthernHemisphere anthelow deposition flux around Antarctica.

Although we were unable to treat tiféeet of Fesupply to the ocean in this model, activatingRkdertilization effect and enhancing
the amount of plankton would influence €aptake especially over the Southern Oceda(tin, 199Q. Improvedrepresentation of
the distribution of dust ¢msition is possible as a boundary condition fodioff biogeochemical models to investigate-@iptake,
e.g.,in a more realistic version of the experiments by Oka €@L1). Further investigation of the neregligible effect of the change
in the sze distribution of dust adentified byAlbani et al.(2014, Mahowald et al(2014), andHopcroft et al (2015 mightalso be
necessary.

Plant functional types ansideredn the dynamic vegetation module but not returned to the land module in t@Q/HESM; i.e.,

the climaté vegetation interaction is limited. The importance of full vegetation couplaeghighlighted byp 6 i s h i -Cachid
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(2013, who suggestdthe necessitjor future models to evaluate the chamgéplant functional types and espally, thar effect on
dust cycles.

Under global warming, thamount ofdust emissiomemainsuncertain \Woodward et a).2005, Tegen et al2004,Jacobson and
Streets2009, Liao et aJ2009, Mahowald et al2006, Ito and Kok 2017). Theefore, impoving the understanding of dust processes

in models of the past climate would bpracticalway to reduce the uncertainty of projections into the future.
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Figure 1: Time series of (a) global mean annual mean temperature at 2 m heigA€) and (b) peak strength of the Atlantic meridional

overturning circulation (AMOC; Sv) for LGM.e and LGMglac.e. The year zeravasset to the beginning of the period submitted to
CMIP5.
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10

Figure 4: M odeli data comparison of dust deposition fluxg m'2y'1) estimated from the ice and sediment core data archives obtained from
Kohfeld et al. (2013 and bulk data from Albani et al. (2014): (a) Pl.a, (b) LGM.a, and(c) LGMglac.a. Modeli data scatter plots for (d) Pl.g
(e) LGM.a, and (f) LGMglac.a. Colours and marks represent area and core types i.e., red: Eurasia, brown: North America, orange
Indian Ocean, pink and light blue: Atlanti ¢ and Pacificoceans in theNorthern Hemisphere,respectively, geen and light green Atlantic
and Pacific oceans in theSouthern Hemisphere,respectively,blue: Southern Ocean turquoise blue Arctic, and dark blue: Antarctica.

Crosses circles, and diamands represent terrestrial, marine core, and ice coresedimens, respectively.
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Figure 5: Modeli data comparison of ratio of dust deposition flux estimated from the ice and sediment core data archives obtained from
Kohfeld et al. (2013 and Albani et al. (2014: (a) LGM.a/Pl.a and (b) LGMglac.a/Pl.a.
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