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Abstract

Tropicalweathersystemsuch aghe African Easterly Wave(AEWS), the African Easterly
Jet AEJ), and tropical cycloreusually interacwith the Saharan Air Layer (SAL) andhineral
dustaerosad embedded in the SAIPreviousstudies have debates abthe strength and even the
direction of the impact from the dustcaSAL on the development of the tropical systelmshis
study, the sole impaé@tom the dust on a hurricane is quantified using carefully designed numerical
experiments.

Hurricane Earl (2010) wasriginated from an AEW disturbance over Africa. It was
influenced by the dusty SAL especially in its early development stage. We conduct numerical
experiments using thé/eatherResearch and Forecastinmgpdel coupled with ChemistiyVRF
Chem) tosimulate Hurricane Earl (2010) starting from a weak disturbance

Experimentswith 36-km resolutionshow thatwithout moist convectiondust slightly
weakens the lovpressuresystemin North Africaby cooling the atmospher&his scenarionainly
results from a reductioof the boundarylayer heating during the daytimeand from the
enhancemendf the outgoing longwaveadiativecooling during the nighttiméhe zonameanof
theAEJ is intensifieaslightly (less than 1m/sh its soutlernpart and weakened in its nogtimpart
whendustis included in the modeAdding dust weakerthe AEWs at 850hPa and 60@Palevels
andthetropicalcyclone.

High-resolution (4-km) cloudresolving model experimentshow that dust deepenthe
system slightlyout doesnot affectthe track.n the tropical low stagelust increasethelow-level
cloudat 1-2 km heightlt reduces raifall in the outer edge of SAL regidretween 250 km to 350

km radi while it increass rainfall in the inner edge at around 2K®. The associated lateim¢at
ii



release shifts the updraft radiallyward. The dynamical caequence is the accelerationtioé
tangential wind and the miévelcirculation In the tropical depression stagddang dust increases
the number ofloud dropletsn most of the regicdandenhancethe onvection around thesater,
which generatemore ice, snow, and rai@verall, the impact of dust aerosols on Earl is small, the
center minimum sebevelpressures only differ by less than 1 hPa at the end of the simulation. This
suggests that pure meteorological model magusgciently accurate to forecast hurricarnethe
dynamical and thermodynamical features of the SAL are properly described.

In order to predict aerosols, one can use a simple chemistry modelssBEICART which
only has aerosol direct effects. Usingetliensemble Kalman Filter (EnKF) to assimilate
conventional observations and MODIS aerosol optical depth (AOD) data, both feraictss

track of the storm and the aerosol can be improved.
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1. Introduction

Tropical cyclone(TC) is a rotating system with loywressure center and organized
thunderstormsUnder some favorable conditions,can evolve inta hurricanewith maximum
sustained wingpeed ofat leastL19 km/h 74 mph). Sincetropical cyclonscan severely interrupt
peq | div@ssby bringing heavy rain, flood and high winds to tiwastalregion,it is essential to
improve the accuracy of th&opical cycloneforecast Over the years, the forecasts héeen
significantly improved due tthe increasedscientific understanding of thiopical convective
systens and the development of forecast techngdeopical cyclons developed orthe eastern
Atlantic Oceammay be impacted bynany factors such dke African Easterly Jet (AEJ), African
Easterly Wave$AEWS), the Saharan Air Layer (SAL.Jandaerosolsnsidethe SAL (Figurel-1
andFigurel-2). Many studies have investigatbdw thesefactors involved in the development of

tropical cyclonesAn overviewof themwill be givenin the followingsections

(@) (b)

Major Synoptic and M le Sy of the West African Monsoon

" SaharaDesert
et

#
o7 AMc‘m easterly waves

Tropical
cyclone

The COMET Program / © EUMETSAT 2007 / US Navy/NRL

Figurel-1. (a) Satellite image and (b) schematic diagramajbmsynoptic and mesoscale systémtsopics

and subtropicqThe COMET program/ UCAR 2017)



Figure1-2. SAL conceptual model illustratahe following properties: geographic locatiohtlee African
continent, TCZ, dust plume, surface flow (solid yellow arrows), particle trajectories (dashed yellow arrows),
mid-level eastrly jet (thick red arrow), 700 hPa wave axis (thin red arrow), regions of convection, and the

rise of the SAL base to the west (Karyampudi et al. 1999).

1.1 African Easterly Jet and African Easterly Waves

In North Africa, on the poleward side @ahel re@n (~15°N), the atmospherever the

SaharaDesertis dry, hotf and well mixedn the boundary layeA thermal lowis usuallylocated



overthis region.On the other hand,nothe equatorial sidef the Sahel regionthe air isrelativdy
cool and moistTherefore there is gositivemeridional temperature gradient beltive 600-700
hPa level Thetemperaturgradientis oppositeabovethat level Due to the thermal wind balance,
a maximum easterly wind.e. AEJ,is locate in the lower tropospherat 600-700 hPalayerand
over 15-17°N region (Figure 1-3). AEJ normally confinesto the area between %5 and 20W
becaus¢he meridional temperature gradient is weaker on the west coast of. Afieaind speed

of AEJcan reachlup to12-15m/s(Carlson 1969a; Burpee 1972; Thorncroft and Blackburn 1999)

Many factors camffectthe maintenance of AEJ. For example:

(1) AEJ is sensitive ttheradiation, surface temperatyreimidity gradien{Thorncroft and
Blackburn 1999)orographyand soil moisturéWu et al. 2009)

(2) The presere of Saharan dust may impact the location dreintensity of AEJ because
dust can chage the temperature gradieshie toits direct radiative effect (Realeet al. 2011a;
Tompkins et al. 2005)The kasic state (zonal mean) of AEJ can move vertically or meridionally
underdifferent temperature profideoverthe Saharardry region.

(3) Convectivesystens such asquall linescan intensify AEby therea-to-front flow below

the trailing stratiform(Diongue et al. 2002)
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Figure1-3. Idealized cross section of thermally direagyeostrophieneridional circulation and its position

relative to the midropospheric easterly jet, adaptiedm Burpee 972)

AEWs are westward propagating synofaale disturbances that develop over North Africa
from June to Octobewith a periodof 3-4 daysandwavelengthof 20064000km (Burpee 1972;
Thorncroft et al. 1994)They reach maximum intensity at about 6000 hPa(Carlson196%,;
Burpee 1972)AEWs areoften first observed in the east of Afrjandtheythenpropagate to the
west ata speed ofiround8 m/s.Convective activitiesometime®ccurahead ofthe AEW trough
or its maximum vorticityregion(Redelsperger et al. 2002; Brammer and Thorncroft 20ai@son
196%; Diongue et al. 2002 50mewaves experience decay once timegve furtherto thewest
coast of Africa because thepcounter the relatively cool temperature over the off&ampee 1972;

Thorncroft and Hodges 20Q1owever, some waves can develop into tropical cyslomeer



favorable conditionsAEWSs can be responsible for half die cycloneactivities in theeasern
Atlantic Ocean(Burpee 1972; Thorncroft et al. 1994)

AEWSs are triggered convectively and grow through niiged baroclinic and barotropic
instability mechanismassociated with AEBurpee 1972; Thorncroft et al. 1998horncroft and
Hodges 2001)i Ch a+Stheeryn i n st a lisithe netegsarg conditiom foii baratrdpic and
baroclinicinstability. The criterion states that for an unstable ftowaccur, either: (a) @ential
vorticity gradient on a constant pressure surface clsasigae in the fluid interior while the
temperaturgradientis close to zerat the lower boundary, or (b) the potential vorticity gradient
everywhere and the temperature gradient at theddeoundary have opposite sgfiCharney and
Stern 1962; Thorncroft et al. 1994; Burpee 1972)

AEWSs typically havetwo circulation centersne to thesouthof AEJ around 600 hPand
one to thenorth around 850 hP@ytharoulis and Thorncroft999)(Figure 1-4). To the south of
AEJ, thereis positive potential vorticity gradienat 600 hParesuling from ITCZ heating
(Thorncroft and Blackburn 1999jogether witha negative potential vorticity gradient at the jet
core andthe zero temperature gradient at the lower boundtrg,ii C h a +stere instaility
criter i onAEWSs growsignificandyfatithisldvel Figurel-5). Disturbancest this level
may form over as far ag&thiopian highlands oin the regionwest of 20E. Wavesgrow due to
barotropic and baroclinic instability as they move westwatdu@sareformed and organizeashce
they reachhe regionbetween 1fE andthe west coast of Africawhere they encounter the moist
air from the ocearfCarlson196%; Burpee 1972)AEWSs canalsobe amplified ly latent heat
releaseover the sea just off the west coast of AfriBat they may alsaecay further to the west

due to relatively cool SST or wave dispers{@arlson 1969b; Thorncroft and Hodges 2001)
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analyses (19948). Genesis density per unit aréal® km?) per season (MJJASO), shading for values

greater thn 5.Adapted fromTrhorncroftandHodges 2001)



In the core ofthe AEJ ard on its poleward side, the meridional gradient of potential

vorticity is negative while the temperature gradient at the lower boundary is poSiguee(1-4).
Thi s configurati on-Staelrsno isnasttiashfilihe sorthé@rGAR\A rtneeryi o |
circulations may grow due to baroclinic instability and orographic processthe region
(Pytharoulis and Thorncroft 199%horncroft and Hodges 2001; Thorncroft et al. )9@kenesis
density plot shows that AEWS in this regi@ach maximum intensity arouB80hPa Figurel-6).
AEWs in this region generally start to decay before they reach the coast while some waves can
move across AEJ tihe south(Ross and Krishnamurti 20Q7)

Despite often &ng part of the same AEW structure, theyactthe weather and climate
differently. The southern circulatiorferm andmoveto the west. With moist convection, they are
more responsible for tropicalclogenesisWhile the northern circulations are mainly associated
with dry convective processes in Sahara area. When they propagate westward into the ocean, they
bring dry and dsty Saharan air, known as SAL, that maffjuence AEW and TC development.
AEWSs can merge, split and dissipate when they raaetocean(Reed et al. 1988; Ross and

Krishnamurti 2007)
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Figurel-6. Climatolodcal tracking statisticat 850hPabased on the ERA data (1983) and the ECMWF
analyses (19948). Gemsis density per unit area (¥1Km?) per season (MJJASO), shading for values

greater than BAdapted fromTrhorncroftandHodges 2001)

1.2 Saharan Air Layer Impacts Tropical Weather Systems

Originated from North AfricaSaharan Air Layer (SAL) is an elevated lapémwarm, dry
and dugy air. Under the influence oéasterly windthe air mass movesestward offthe North
African coastandit covers a large region in the North Atlantic Oc€gigure 1-7) (Dunion and
Velden 2004; Burpee 1972%AL usually forms from late spring to early fall. Whes active
periodoverlapswith the hurricane season, it potentially influences the evolution ahAtitropical
cyclones.

SAL usuallycontainssmall dust particlesvith size rangngf r om 0. 1Thdyoanbe € m
carried away foaverylong distance along with the warair by the easterly wind Satheesh and
Moorthy 2005) Dust affects the characteristf the SAL by radiativesffect and microphysical

effectwhich we will discuss later.



Previousobservationabnd modelingstudiesshowthat SAL or dustaerosolscan impose
positiveor negative or unclear impactsn the devebpmentof tropical convective system§able

1-1 summarizes som&tudies Detailed discussios will follow.

Saharan Air Layer Product

e &

Saharan Air Layer (LSS

weaker <
L

SAHARAN AIR LAYER

Figurel-7. Example of a split window "SAL" imag€IMSS/ University of WisconsiMadison)



Tablel-1. Summary oprevious studies on the impact of SAL and/or dust on AB¥Wropical convective

systems.
Method Positiveimpact Negativeimpact Unclear or little impact
Observation | SAL has a positive| SAL has a negativeimpact on| Positive or negativéShu
and impact on AEWSs | TCs (Dunion and Velden 20044 and Wu 2009)
re-analysis | (Burpee 1972) Sunet al.2008)
SAL has a negative
Dust has a positive| SAL has a negativeimpact on| impact on TCs at the
impact onAEWSs (Jones| convectios (Wong and Dessle| early stage, but no impa
et al.2004;Hosseinpour 2006; Ismail et al. 2010; Swet al. | later (Braun and Sippe
and Wilcox 2014) 2008) 2013)
Dust has a negativeimpact on| Unclear(Braun 2010)
AEWSs (Jury and Santiago 201(
Dust has a negativeimpact on
TCs (Sunet al.2008; Evan et al
2006)
Idealized Dust has a positive| Dusthasanegativeimpact onTC
Simulation | impact on AEW | (Zhang et al. 2007a)

(Groganet al.2016;Ma

et al. 2012)
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Real case SAL has a positive| SAL has a negativeimpact on| SAL has a negative

simulation impact on AEW, but| AEW (Vizy and Cook 2009| impact on TCs at the

dust has a negative| Reale et al2009 earlystage, but no impaq
impact on AEW later (Sippel et al. 2011;

(Karyampudi and| SAL hasnegativeimpact onTC | Braun and Sippel 2013)
Carlson 1988) (Wu et al.2006; Jonest al.2007;

Sun et al. 2009)
Dust has a positive
impact on AEW | Dusthasanegativeémpact onTC
(Lavaysseet al.2011) (Reale et al. 2014; Cheet al.

2010)

1.2.1 Negative impact

The mechanismthatthe SAL suppressethe development of convective systeans:

a) Enhancedow-level temperature inversiofDunion and Velden 2004; Wong and Dessler
2005; Jury and Santiago 2010; Ismail et al. 2010; Sun 20@8) The temperatura the SAL is
warmer than the average tropical sounding. This temperatumalyenhanceshe trade wind
inversion andsuppreses vertical motionin AEWs. These aranfavorable to the development of
TCs.

b) Dryer layer(Dunion and Velden 2004; Wong and Dessler 2005; Wu et al. 2006; Vizy and
Cook 2009; Ismail et al. 2010; Joretsal.2007; Sun et al. 2009Dryness associated withe SAL

increasesevaporation This will generate negativeuoyancyand createthe downdraft It also

11



reducesconvective available potential enerdggAPE). Numericalsimulations show that dry air
from the SAL slows down the intensification afTC at its early stagéSippel 2011)

c) Stronger vertical wind sheé@bunion and Velden 2004; Wu et al. 2006; Vizy and Cook
2009; Jury and Santiago 2010; Joeesl.2007; Sun et al. 2009; Chen al. 2010} The AEJ is
usually locaied at the southern edge dfe SAL. Its intensity isdeterminedby the horizontal
temperé&ure gradienbetweerthewarmSAL and cool tropical air to the south. Stronger AEJ brings
stronger vertical wind shear thisregion, whichis unfavorable for T@evelopment.

d) Dust directradiative &ect: Dust aerosols inside the SAL absimg shortwave radiation
enhances the warm temperature anonilie low-level temperature inversiom enhanced. The
increasd stability is less favorable to TC developmeiihe warm temperaturanomalyalso
increaseshevertical windsheamwhich suppressesC developmen(Chenet al.2010) Seasurface
temperature§ST) is coolerbecausalustreduca solar insolation at the ocean surfgEeltz and
McPhaden 2008; Yoshioka et al. 2007; Eeaal.2012; Jury and Santiago 2010)

e) Dust indirect effectDust act ascloud condensation nucleCCNs) which decreasthe
average size of cloud dropgedind increaséheir numberThe precipitation is reducgdury and

Santiago 2010)

1.2.2 Positive impact

a) TheSAL promotes convection on its soathedge and enhances AEBWWMore prominent

SAL leads tdargerdifferential heatingthat is mordavorableto thegrowth of AEWs. Numerical

12



model studiesndicate thatepresentation ahe SAL in the initialconditionsis important for the
development of AEW (Karyampudi and Carlson 1988)

b) Dusterhances AEWSs. Using 12 years of satellite datdpsseinpour and Wilcog2014)
found thatdust AOD is positively correlated with AEV&(ctivitiesin the downstreanoffshore
region. Model simulatios also showthat dust sengthensthe AEJ and AEWs becausedust
increass baroclinicity by absorbing solar radiatio(Lavaysseet al. 2011) Idealized model
experimentsndicatethatAEW is intensified wherdustradiative processs included in the model
which increass the barotropicand baroclinic energyonversgon (Ma et al. 2012; Grogaat al.
2016) After analyzingstatistically 22 years ofdust data from a global transport model and
NCEP/NCAR analysis increment datignes et al., (2004uggested that dushodulats the

amplification of AEWSs.

1.2.3 Positive/negative or unclear

a) SAL can have both positive or negative effects onde@elopmendependingon its
relative location and time téhe TC. Observationalstudes show thatthe SAL favors TC
development when is locatad in the northwest quadrant of TRutit negativdy impactsTC when
the dry air intrudes within 36@&m of the TC centefThe SAL may intensify TG in their earlier
stage but weaken thertater(Shu and Wu 2009)

b) Warm temperature associated wilie SAL may notchangethe convectiorsouth of its
border(Braun 2010)Althoughthewarm temperature withithe SAL increaseshe stability of the
region(Dunion and Velden 2004it may haveimited impact orthe convectiordevelomd south

of the SAL (Braun 2010)
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c) Dry air fromthe SAL does not necessarily inhibit hurricane. The dry airbeassociate
with the strongest hurricane which is less susceptible to entrainment of ¢8yppel 2011) In
addition, dry air does not necessarily only come from SAL, itccamefrom the air aboveSAL
(Braun 2010; Hopsckt al.2010; Brammer and Thorncroft 201Dry air from Saharas only
confined in thelow level (below 708600 hPa) In the mid-level between600 and 400 hPa, the
humidity is increased due teep convection ovehis region In the subtropical and eastern
Atlantic regons, the low relative humidityn the midlevel and uppelevel cancomefrom the
largescaledescent

d) The AEJ does nohecessaly strengthen or weaken TC developm@irtaun 2010) The
AEJ intensities irthe cevelging TC and notdeveloping TCscenariosare similar althoughthe
AEJ inthe developing TCcan be2 m/s larger tharthatin the nondeveloping TCcaseafterthe
cyclogenesis The \ertical wind shear brought bthe AEJ may only negatively impact its
underlying regionBut it canbe favorable to TC development to its sobyhprovidingpositive
vorticity (Braun 2010) This might be the reason why different conclusiaremade by different
studies based on the relative positioth&TC development anthe SAL.

e) Thereare nosignificant differences in SAL features for strengthening and weakening
storms(Braun 2010)

f) The SAL may only havempact on TC development at the early stage. Dryness tham
SAL slows down the development of TC injieedepressiormnd depression stagdsitit has no
effect later(Sippel 2011; Braun and Sippel 2018)ther factors such as SST have mofieience

on the development of TC.
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1.3 Aerosol, Cloud, and Precipitation

Discussios in theprevious section foaon howthe dynamic and thermal dynanfeatures
of the SAL and the associated dust aerosnight changehe development dfopical convective
systemsiIn this section, how dust and other types of aerosols impact the micr@ipysiesss

in the atmosphers specificallydiscussed.

1.3.1 Aerosols inCloud Physics

Aerosols can act as cloud condensatiaclei(CCN) (Joneset al.1994; Twohy et al. 2009)
The effectiveness of aerosols as CCN depends on their size, composition, mixjagdtarebient
environmen{IPCC 2007). Aerosols can be cajerized into soluble aeroso(such asulfate, sea
sal) and insolub¢ aeroso(such aslus).

(1) For soluble aerosol&dler theory explains the growth processagfarticle. The Kinler

equationis

a & (1.2)

where nj is thedroplet water vapor pressurg, is the corresponding saturation vapor pressure
over a flat surface, isthe droplet surface tensidn, is the density of pure water, is the modes
of solute,b is the molecular weight of wateé® is the cloud drop diamet€eF is the temperature
in Kelvin, andR is thegas constant.

TheKdler curve is drawn based on this equatiBig(re1-8). The peak value idefined as
the critical supersaturatiomt the critical diameterlf the supersaturation of the environment

exceedghe critical superaturation the particle will be activatedt will thengrow rapidly and
15



becomeacloud dropletParticles witHargerdry diametes havelargercritical diametes and lower
critical supersaturation. Hence, larger pari@deseasier to grow under the same supersaturation

in the environment.

Kaohler Curves
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Figure1-8. Kdnler curves for NaCl particles with dry diamet@fs0.05, 0.1, and 0:5 dat 293K (Kohler

1936 Seinfeld 2006)

(2) For a mixture bsoluble and insoluble aerosols (dust, elemental cadiol, assuming

theinsoluble portion does not interact with water, a modiKéuler equation is

a & (1.2)

whereA is the diameter of the insoluble material
We can see that the effect of insoluble material is to increase the concentration of soluble
materialfor the same overall droplet diameter, which makes the soletet @fiore significant.
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Although dustparticles aransoluble,they sometimes contain some hygroscopiaterias
from the emissiorsource or theyinteract with other hygroscopic aerosols. In such ahss,can
also be a good source of CCN, especialyegionsnearthe dust sourceRigure1-9) (Karydis et

al. 2011; Twohy 2015; Twohy et al. 2009)

Mean 0.6% Max 35.1%

Figure1-9. Predicted annual mean contribution (%) of mineat to total CCN fo0.4%supersaturation
for the lowest cloudforming level (960 hPaWhite represnts areas that are free of warm clouds throughout

the year(Karydis et al. 2011)

In additionto actingas CCN, dstaerosols can beconiee nuclei (IN)(Sassen et al. 2003;
Twohy et al. 2009; Twohy 2015pust enhance the formation of ice crystal aéngethe
precipitation pattergSmoydzin et al. 2012Dbservatioal studiesshowthat dust particle can be
wrapped ito the anvil oftropicd stormsand become the dominant aerasalthatarea(Twohy

2015) However, the amount of dust in th€ anvil is much less thathatin the SAL. Notall dust
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particles arevrapped insidehe anvil;evenif they dg many of them matpave beerprecipitated

before they reach the cloud anvil.

1.3.2 Aerosols decrease precipitation

As more aerosols become CCN, they increasentimeber ofcloud droples. For the same
amount of water contenthe dropletxompeteesachother and decrease the average cloud droplet
size(Lohmann and Feichter 2001; Haywood 2000; IPZDO7 Twohy et al. 2009)Large ¢oud
droples grow faster and rain out earlierttiey collect other small cloud dropletReducing the
size of cloud dropletsafter adding aerosol$eads to the reductiomn preciptation. Both
observationabnd modehg studies support this mechanig@hapma et al. 2008; Mahowald
2003)

Dust particles can be a good source of CCN if they contain soluble comp@aaytis et
al. 2011; Twohy et al. 2009) here is a positive correlatidretweerdustandlow thin cloud in the
west coast of North AfriceMahowald 2003) The precipitation is suppressedine Saharan dusty
regiondue tolittle coalescenc€Rrosenfeldet al.2001) In addition, more anthropogenic aerosols

produce more thin cloud and reduce precipitafdivati et al. 2004; Chapman et al. 2008)

1.3.3 Aerosolsincrease precipitation

Although smalldust particles and anthropogenic aerosols suppress precipitationgdusgten
particlesarecoated withsufateand other aerosols fmoevaporation of cloud droplet#jeycan act

asgiant cloud condensation nucl&@CCN)andincreae precipitation. With a maximum diameter
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of 3.86 um, largedry saltdust CCN requires less supersaturaticil® be activated. fiey grow
rapidly at the expense tifie smaller droplets by diffusion and by collisiocmalescencéRudich
2002) Thus,thewarmrain precipitationprocesawill be faster(Levin et al. 2005; Yin et al. 2002;
Levin et al. 1996; Rudich 2002; Karydis et al. 2010his effect is more significant ithe
continentalclouds, but not significant ithe maritimetype cloud (Levin et al. 2005)Smoydzin
et al.(2012)showedthat the role of GCCN in the enhancement of precipitation is sirtedly also
found that dist aerosols enhance the formation of ice crystals. The total amount of precipitation
does not change significantly except in the mountain region where the glaciation of clouds by
orographic ascent leads to a local enhancement of rainfall.

Sea salttself is alsoa giant aerosol which can grow large enough to collect small droplets.
Thus, it accelerategshe precipitationat the beginning of thevarm rainprocess(Johnson and

Johnson 1982)

1.4 Aerosol Radiative Effect

Dust insideheSAL can alter radiative forcing, which in turn may imp@opicalconvection
Starting with aerosolsadiative effect as generalevdiscusshedust radiative effect

Intheeartat mosphere system, r a théasuteiofvthe influenceai n g
factor has in altering the balance of incoming and outgoing energy in theaadbphere system
and is an index of the importance of the factor as a potential climate change med{&smstein
et al. 2007) Radiative forcing comes from changes in the inconsotar radiation, volanic
eruption, active gaserosols etc. (Seinfeld2006) The radiative forcing igalculated usinghe

change of the radiation flux differentlevelsin the eartratmospheraystem.
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Aerosolscan scatter and absorb thadiation. The ratio of scattering efficiency to the
extinction efficiency is called singiecattering albed¢w). The ratiocan determinethe relative
importance of scattering and absorbing of aerosols. Different chemical components of aerosols
have different abiliesto scatter and absorb radiatidncomplexrefractive indexN=n+ik can be
used to measure those effects. The paain represents the scatterieffectwhile the imaginary
partk represents the absorpti@ffect Negative maginary part means the aerosdisorls the
radiation.Refractiveindex is also a function of th@avelengthof the radiation.The extinction
codficient also depends on the radius of the particles and/glvelengthof the radiation.

Aerosol msitive forcing indicateshat the earthatmosphere system receives more energy
whentheaerosols presenthile thenegativeforcingis the opposite. Thaerosol radiative forcing
can be categorized into aerosol direct effect, s#irect effect andindirect effect.

The aerosol radiative effects have been investigagedany studiesAlthough observation
cannot evaluate these radiative effects direttlgy do reveal that cloud and precipitation patterns
in areas withdifferent aerosol concentratisnare different. This can indirectlyeveal the
mechanism ofadiativeeffects.Many numerical simulations were condeatto study these effects
using global climate moded (GCM) andhigh-resolutionmodek with fully interactive aerosel

cloud feedbacknechanisn{e.g.Gustafson et al. 2007)

1.4.1 Aerosol directradiative effect

fiThe direct effect is the mechanism by which aerosols scatter and absorb shortwave and
longwave radiation, thereby altering the radiative balaotdhe earthat mos p her e syst

according tolPCC report(IPCC 2007). The direct radiative effect of aerosos evaluatedat
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different altitudes at the top of the atmosphef@OA), in the atmosphere and at the surface.

Radiative forcing at TOA is theumof radiative forcing within the atmosphere and at the surface.

Within each category, & canfurther classify the direct effeanto shortwavedirect effectand

longwavedirecteffect

A. At the top of the atmospherg(TOA)

(a) For shortwave radiation, there is a scattedbgorbing model of an aerosol layer

described byseinfeld(2006) According to this model, the change of outgoing radiative flux can

be calculated by the following formula
YO Op 6 Y i — Y
whereO A Sp 1 p A
O p A by
& AEAIECHOOCDERE AODDA
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00 ——  YRMEY'G0. There is more outgoing flux from the eaatimosphere
to the space after addingrasols, which lead® negative forcing

00 ——  'YHMEY'XO. There is less outgoing flux from the eaatmosphere to
the space after adding aerosols, which leag®sitive forcing

00 —— YR & Y'O=0. This is the boundary between aeresmboling and

warming. Based on this formula, we can get the critical siscgdtering albedo of the aerosol that

defines the boundary betweeooling and heating.

‘@O —— 2 hby assuming common values ttee variables,Figure 1-10 shows the

critical single scattering albedo.

The singlescatteringalbedo corresponds to the albedo value of the undgranth surface
2 and upscatter fractiorny . If the aerosol has higher singdeattering albedo value thérevalue
on the curve, it scatters more radiation bagp@cewhich leads to the cooling of the earth system.
Thus, the cooling region (negativercing) is above the curve while warming region (positive
forcing) is below the curv@ he psitiveslope of the curveneanshigher albedo of the underlying

earth surfaceorresponds tbighersinglescattering albedof the aerosol
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Figure1-10. The critical single scattering albgdo, at which the cleasky radiative forcing changes sign

asa function of surface reflectanoé, for different backscattered fractignéadapted frontHHaywood 2000)

Obsevatioral studies alssupport this relationshig=rom theflight dataon Moroccoon 19
May 2006,the Saharan mineralust experimentshowsthe aerosol shortwave radiative forcing at
TOA is linearlyandpositivdy correlated with the surface albe(®ierwirth et al. 2009)At very

high surface allso (>0.25) thesolarforcingat the top of the atmospheasegpositive Figurel-11).
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Figurel-11. Correlation plot of the solar radiative forcing in dependeamcthe surface albedor the flight
on 19 May 2006Bierwirth et al. 2009)The triangle symbols and the rectaragidymbols represesblar

forcing at the top of the atmospheued at the surface respectively.

Thedark surface such asceamnddark foreshave smaltlbedo According toFigurel1-10,
a small amount of scatterifgy aerosolss enough to produce the cooling effester the dark
surfaces Figure 1-12 indicates the direct radiative effeot different kinds of aerosolat the
tropopauseAs aerosols quantities are close to zero above the tropopause, we can use this figure to
indicate theaerosoldirect radiative effect at TOA. This is verified by comparfiggres intwo
papersTakemura et al2002 andHeald et al(2014) (figure not shown) Scattering aerosolddr
examplesulfate, ea saltandorganic carbopandpartially absorbing aerosol$or exanple dust)
enhane scattering of the incoming solar radiation backh® spaceand they have negative
radiative forcing at the top of the atmosphfperiaas et al. 2008; Takemura et al. 20@2ack

carbonhasstrong absorptioand small scatteringharacteristicdt exertspositive radiative forcing
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(Seinfeld2006; Takemura et al. 200Mlineral dusis partially absorbing aerosaind itsradiative
forcingat TOAs negative above the dark surfdten et al. 2009; Zhu et al. 2007; Conant et al.
2003; Otto et al. 2007; Takemura et al. 20@2yure1-12 andFigurel-14). Sea salt has negative
shortwave radiative forcing by scattering the incoming solar radigiiesh et al. 2008; Mat al.
2008; Takemura et al. 200@5igure1-12d).

On the other handyhen aerosols amoveclouds or bright surface (desert snow andice),
according to the curve, only veryreng scattering aerosols can stayhe area above the curve
(cooling region; sufate is an example othis kind of aeroso(Figure 1-12b). For most other
aerosolstheirradiative forcing is positiveecause theseduce the albedo of the eagtmosphere
system(Huang et al. 2009; Islam and Almazroui 2012; Otto et al. 2007; Bierwirth et al. 2009; IPCC

2007 Takemura et al. 2002rigure1-12).
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Figure 1-12. Annual mean distributions of the simulated direct radiative foreingopopausdy each

aerosol species of (aarbonaceous (OC and B@)) sulfate, (c) soil dust, and (d) sea salt at the tropopause
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under cleassky (left) and wholesky (overcast) (right) conditions in WhiAdapted fronmTakemura et al.

2002)

(b) For longwave radiation, the radiative forcirsgonly substantial if aerosol particles are
large and occur in considerable concendret at higher altitude@ egenet al.1996; IPCC2007).
Large aerosalsuch agnineral dusthavepositivelongwaveradiative forcing above both bright
and dark surfasecause there is a reduction of outgoing longwave radidtiero absorption by
dust Figure1-14) (Deepshikhaet al.2006; Zhu et al. 2007; Huang et al. 2009;rRaieth et al.
2009) Dusthas higher positive longwave radiative forciagen thehigher surface temperatuse
high (Figure 1-13). Because &a sal particles are relatively large,they efficienty absob the
longwave radiation from the surface, whigimdes positive longwave radiativircing (Ma et al.

2008; Ayash et al. 2008)
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Figure 1-13. Integral thermal infared radiative forcing for dusinditions of 19 May 2006, and for the
surface temperature randaring SAMUM: 15C for the coldest night and 85 for a hot noor§Bierwirth

et al. 2009)
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Combining the shortwave and longwaeeéliation, deperidg on the surface albedde total
effect ofdustat TOA can baegative or positivéTegenet al.1996) Overadarksurface, because
dust negative shortwave radiative forcing is stronger than its positive longwave radiative forcing,
the total radiative forcing is negatiy2hu et al. 2007)Overabright surface, since dust shortwave
radiative forcing is positive, together with positive longwave radiative forcing, the total effect is

still positive (Tegenet al.1996; Huang et al. 2009)

B. In the atmosphere

Dependhg on the chemicatompgsition of aerosolsthey will either induce positive forcing
or negativdorcingin the atmospher®lack carbon is the most efficient aeobso absorb radiation
due to its smalkinglescattering albedo value, aitdheas up the atmospheréLiu et al. 2014;
Seinfeld2006) Mineral dust is another aerosol which absdHe incoming solar radiation and
heatsup the atmosphere, with maximum heatiin the dust laydiFigurel-14; Figure 1-15) (Zhao
et al. 2010; Mohalfi et al. 1998; Huang et al. 2009; Zhu et al. 2007; Satheesh and Moorthy 2005;
Davidi et al. 2012)Dustcan double the shavave radiation absorption under clesiy conditions
(Satheesh and Moorthy 200%here is almost no absorption of shortwave radiation by seanshlt
sulfate(Takemura et al. 2002; Seinfe2@06)

Dependhg on the singlescattering albedo, the warming effect due to absorption of solar
radiation can be different. The averafjestaerosolsinglescattering albede high inSaharagn
average ¥ of)aftdAda® na ta veof@.H%2 ma t), wlich @roducesmsmall
warming effect in the atmosphefeorster et al. 2007While in some areasuch as Taklimakan,

the singlescattering albedo of duaerosolss 8% less tharthatin Saharag n a v eof 0Oz8gae ¥
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0 . 6 7, argibproduces sbnger warming effeqiHuang et al. 2009 he né¢ heating ratelue to
dust aerosolss about 0.51.0 K/day below and above the dust layefie maximum waning
occursnear the surface, whids about 0.5K/day (Huang et al. 2009)The uncertainty othe
absorption fact@can faveanimpacton the heatingatein the lower atmospherei(@ km).Zhao
et al (2010)found a maximunmeatingrate of 0.840.5K/day andan average rate of 0.5:80K/day.
In addition,dustaerosols can increase absorptidrenthey are mixeavith pollutans (Sohn et al.
2007)

There isacoolingeffectwithin and at the top of the dust layer longwaveradiation Figure
1-14 and Figure 1-15). However,sincethe shortwave radiatie heating during te daytime is
dominant, the total effect warmingwithin and above the dust lay@igurel-14 andFigure 1-15)
(Zhu et al. 2007; Otto et al. 2007; Huang et al. 20B8)ow the dust layer in the boundary layer
over the desert the longwave radiative forcing due to disiositive because dust absorbs the
outgoing longwave radiatiorFigure 1-15) (Huang et al. 2009; Zhu et al. 200Bome other
scatteringaerosolssuch asulfatehave negtive forcing in the atmospher®ust aerosols have a
66war mi ngbodo ef f ectwhiohcaunteratdh b e Sahar awadesébdtool

otherscatteringaerosols

C. At the surface
The aerosol shortwaveadiative forcingis negative because tlaerosolsabove the surface
scatter and absorb the solar shortweadiationandreducethe incoming radiation reachirtbe
earth surfac¢Figurel-14) (Evan and Mukhopadhyay 2010; Tegen and Fung 1994; Jim Haywood

et al. 2003; Zhao et al. 2010; Seinfe2@06) Such radiative effects are found to be most
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pronounced over the desert regigMohalfi et al. 1998)Zhao et al(2010)found thatdust can
reduce the downwelling shortwaxadiation at the surface by 22m=.

On the other handhaving mean particle sizesf the order of several micrometers, dust
aerosols canftectively reduce the eat hés out goi ng ardddhergoywarmnthe r adi a
surface Figurel-14) (Sokolik et al.1998; Zhang 2003; Tegen and Lacis 1988)wever, it is not
enough taccompensatéor the loss of the solar radiation reaitty the surfac€Huang et al. 2009;

Zhu et al. 2007)From the climate point of view, dust longwave warming offsets 58% of dust
shortwave coolingand the overall dust radiative effect is to cool the Earth sySt&mand Zong

2009)

total | total 1 total
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Figurel-14. Clearsky regional and seasonal mean SW, LW, and total {3W) radiative forcing (W m

2) by dust plume$zZhu et al. 2007)
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Figure 1-15. Profiles of the shortwave, longwave as well as total radidtdating rates for the reference

case: measured AGEdust ovetheocean(solid) and desert (dashe@tto et al. 2007)

The radiative direct forcing mentionedrlierhas some uncertainties. The factors contribute
to the uncertaintiem calculating the radiative forcing of asols includethe size distribution of
aerosolsthe vertical profile of the aerosatoncentration aerosol loading, surface reflectance,
incoming solar zenith angle, refractive indices, sirgglattering albedo, stratospheric adjustment,
clouds, surfacgemperature, relativdhumidity, diurnal averagingetc(Osborne et al. 2011;
Haywood and Boucher 2000; Seinfeld, John H. 2008)uds modify the aerosol radiative forcing.

If the aerosolis below the cloud, since the clouslalreadyscatter some part of the solar radiation
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upward, the aerosohdiative forcingeffectis reducedThus,aerosas above the clousicontribute

to most of the aerosol radiative forcing in the cloudy re¢&minfeld 2006)

1.4.2 Aerosol semidirect radiative effect

Theemidi rect effect Iis AAbsorption of short wa
to heating of the troposphere that in turn changes the relatmeditys and the stability of the
troposphere and thereby influences cloud formation and lifefiffgCC 2007). Absorption by
aerosols such as black carbon and mineral dust consitoutiee warming of the atmosphere and
increass the evaporation of the clou@hus, he cloud will be reducedMiller and Tegen 1999;

Hanseret al.1997; Johnsoet al.2004; Miller and Tege998; Huang et al. 2009)

1.4.3 Aerosol indirect radiative effect

The arosolindirect effect can benainly classified asthe first indirect effect,the second
indirect effect, andhe glaciation indirect effect.

(1) First indirect effect. Aerosolssuch @ anthropogenic sulfatearbonaceous aerospisd
dustactas CCM. Higher concentration ohese particles increastihhe number ofcloud droples.
For the same amount of water contexsthey compete witleachotherfor CCNs, the average
cloud droplet sizés reducedqJoneset al.1994; Haywood 2000; IPCQ007 Lohmann and Feichter
2001; Jinet al.2016) As moresmaller clouddropletsscatter moreshortwaveradiation back to

space theshortwave radiative forcing at TOA is negativegure1-16) (Joneset al.1994; Jiang
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et al. 2001; Penner et al. 2006; Boetsl.2006; Saide et al. 2012Jhis also means that cloud

albedo is increased.

Change in TOA net radiation (W m~2)
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Figure 1-16. Hadleycener GCM simulation. (aAnnuatmean composite of the instantaneous change in
low cloud droplet effective radius due to changing from natomél to total aeosol (sulfate) concentration.
(b) distribution of theindirect radiative forcing due to the change in aerosol concentration, in terms of the

change in the top of hatmosphere(TOA) net radiati@ioneset al.1994)

(2) Second indirect effect.Becauselte formation of more cloud droplets diceaerosols
such as sulfate and dutdcreasetheaverage size of cloud dropletseprecipitation efficiencys
decreasedand he cloudlifetime is increasedThe radiative forcing of cloutifetime effect alone
is negtive atthetop of the atmosphelglaywood 2000; Rotstayn and Liu 2005; IPE@)7).

For sulfite aerosols, the combinationtié first and second indirect effecdsegativeat the
top of the atmospher@laywood and Boucher 20Q0)ncertainties related to the aerosol indirect
effectsarethe parameterization of the attonversion, size distribution of the aerosalsemical

composition, etc.
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(3) Glaciation indirect effect Aerosolssuchas ice nuclei (IN) increase the precipitation and

decrease cloud cover anlbudlifetime. Their effect on the radiation is positi¥u et al. 2014)

1.5 Aerosol Microphysical Effect on Tropical Convection

In section1.3 we discusshow dust and other types of aer@sahodify atmosphec
microphysics process They may change the developmentaofconvective systemas well.

Aerosolscan have psitive or negative or small impacaia thedevelopmenof TC.

(1) Negative impact

The mechanism can be explained by invigoraitiche peripheral clouds of TEigurel-17)
(Rosenfeldet al.2012; Wang et al. 2014; Zhang et al. 2009; Khain et al. 2010; Jezikah2008)
In the peripheral rain bangs more CCNfrom aerosadecrease the average sizelouddroples
and increase the number of cloud droplts,warm rain process is suppressdtls, nore cloud
dropletsare transportedupward and fornthe ice crystak. The formation of ice crystal releases
latent heatwhich invigoratesenhancethe convection. Thyshe enhancement of the vertical
motion at the periphery of the storm reduces the flow towards eyewall at the losv Téwelmeans
thatthe convergence at the low lese& weakeed,and the pressure at the storm ceb&zomes
higher. As the invigoratbn process continues in the periphery of T@cppitationin a deep

convectioninducesdowndraft. he subsequent melting @revaporation bring colder ardtyer
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temperature tthe loner atmospherand create aold pool. The cold pookuppresssthe eyewall
development bplockinglow-levelinflow and bringing colder air intthe eyewall. Th@ C finally
becomes weaker artarger in size

In addition,absorbing aerossesuch adblack carbon will further enhance the invigoration
the periphery of thetormbecausehe absorption of shortwave radiation by aerosols increhses
instability (Wang et al. 2014)

Invigoration process mainly occurs in the peripherthefhurricanebecausgin the eyewall
and inner spiral cloud bds, giant CCN produced by strong whintlduced sea spray will prevent
invigoration and increasezarm rain The warm rainvastesout the aerosols that remain in the
eyewall(Rosenfeldet al.2012; Khain et al. 2010)

This mechanism is summarized after many model stutlieslized model showthatdust
from SAL actsas CCNto decrease hurricane intensity dadhcreasehlie convection in the outer
rainband(Carrio and Cotton 2011; Zhang et al. 2007, 20G8nate model simulations reveal that,
in the long termthe frequencyof tropical storms isegativdy correlated with anthropogenic
aerosolconcentration(Dunstone et al. 2013High-resoldion studies show that anthropogenic

aerosols reduce cyclone intensity by the invigoration mechagpismionget al.2017; Wang et al.

A 7 ~» Original cloud gg Heavy sea spray
«+—— Original air flow Original cloud :& Heavy sea spray o Distirbed aiv flow Cooled cloud Cooled Air
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3 3 4

\f

200-300 km




Figure 1-17. A conceptualmodel of aerosol impacts on tropical cyclon€be (a) undisirbed and (b)
disturbed states are shown. (b) Polluordust aerosols slow the formation of warm rain in the peripheral
clouds, causing invigoration and electrification of the cloudswaadning aloft, coupled with stronger
downdrafts and intensifiebw-level cold pools. Strong nucleation and precipitation scavengimg) sea
spray from the rough sgaomotewarm rain in the innecloud bands and eyewall clouds, which reduces
the suppression effesgésulting from any remaining pollution aerosols thatemsot washedown, so that
little aerosolinduced invigoration can occur there. Tdenvection in the outer cloud badecreases the
inflow toward theeyewall. The cold pools also partially block the inflow, causing cooliegkening and
widening theeyewall, leading to weaker winds. Ttlesure of the circulation system with subsiding air far

away from ther C is denotedblue lines) Adapted fromRosenfeldet al.(2012)

(2) Positive impact

Contrary to the results we discussed earlier, some studies stigrkaner et al(2014)
showedthataerosad may increase the hurricane intensity and decrease it8sizisingidealized
models, theglaimedthatthesign(positive or negative)f the impact depends evhether aerosols
penetrate the eyewall not If aerosols only carentrate in the peripheral réiand, their influence
on the TC is negative as we disce®arlier However, if aerosols penetrate the eyewrlre
1-18a), the invigorationncreassthe convection inhe eyewalland stretchsthe vortex vertically
(Figure1-18b). The surface wind will increase. The vertically stretch of the vortex in the eyewall
draws lower equivalent potential temperature-( from the surroundings towards the eyewall and
cool the column tempature of the raindnd. As a resulthe lowlevel pressure in the rainband
region will be higher, and the pressure gradient between the TC core and the rainband will increase,

which enhancethe TC intensity.
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Figure 1-18. Schematic showing aero$cloud dynamicsinteractions taking place in thgensitivity
simulations.The ®quenceof actions:(a) convective invigoration within the eyewathen (b) vortex
stretching in the stormore region, then (c) advection of lowerair followed by column cooling in the

rainbandegion, and finally, the increase of the horizoptalssure gradient between the rainbamd storm

core regiongHerbener et al. 2014)

(3) Smallimpact

Anthropogenic pollution may not hawenoticeableimpact on the intensity and track of
typhoon in some cases, but it chantesprecipitation, distribution of water hydrometeors, and

microphysical processé€bluanget al.2016) The precipitation rate in the rainband decreaster

more aerods areadded into the model.

1.6 Thesisobjectives

The above summary shows thiere arestill many debates abothe interaction between

tropical weather systesand theSAL/aerosolsin our study, we only focus dhe dust effect given
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the presence of the SAMWe try to quantify theole impact from the dust on the convective system
usingcarefuly designed experiments

We notice thatesearchrswhofind the large differenesin TC/AEW intensity between clean
air and pollutedir (including dustpftenusemodek with simplified settinggo study the subject
Their methods have two main issues

(1) A prescribedaveraye aerosol profile is often used as ithidal and boundary conditian
in the simulatiors (Zhang et al. 2007BVang et al. 2014b Given the no#inear nature of AEW
and TG, inaccurate aerosmin the initialand boundary conditi@may producea largeerror as
the system evolves. In addition, sensitivity $estthose studies usualbyive the uniform change
of aerosolsn their domainHowever,in reality,thechange of aerosekcan be differerdatdifferent
levelsandin different regionglue to theghysical process

(2) Some important physical processesignoredin the simulations irsomestudies For
instance, a fixederosolayer is used in an idealized modeivhichtransport and removal process
are ignoredMa et al. 2012)In reality, aerosalcan be transported horizontally or verticalnich
resuls in achange oferosoldistribution with time.Some studies focus on the radiative effect of
dust but ignore theeffect of dust in the microphysics process (Groganet al. 2016) Some
researches ignorelongwave radiabn in the mode(Wang et al. 2014; Zhao et al. 2010) some
studiesthemodelbackgrounds notaccurately describedror examplethe distribdion of dustis
prescriled, anaverage sounding assignedbut theSAL isignored (Zhang et al. 2007However
whenTC is heavily surrounded lite SAL, the condensationvill be prohibiteddue toits dryness
no matter dust is present or nttis notclear whether dustill significantly weakens TC ithe

SAL is considered.
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In sunmary, the nonlinear interactiors between aerosols, cloud, and tropical systanes
complicated.Assigning idealized aerosol profile or ignoring some process in idealizedor
simplified modelsmay influence the resudtdramatically. Because of the limitations of the
experiment designs in some of the previous studies, they reached different conclusions.

We here propose some methods to overcome those limitalibasfirst ssuementioned
above can be addressedusyng realistignitial and boundary conditiaof the atmosphere/hich
can be obtained from existing global model data or from a data assimilation .sysesecond
issue can beesolved by usingamorBc ompl et ed mo desdsmamhmportant con s i
processes as possible. Particularly, n@eteorological model coumle with an online
chemistry/aerosohodulecandescribehe interactiors between aerosols and other meteorological
variablesn a completenanner More recent workfiave alreadyaken this approach to study how
anthropogenic aerosatsin affect T developmert in theirmature stagélianget al.2016;Shen
2017) However, elatively fewstudieshave applied thesmuplel modekto study the relaticship
between SAL/dust and tropical weather systdmthis thesisywe will fill thisgap

The early development stagetHidirricane Ear(2010 is chosenn our study Given the storm
is weak and in the vicinity of the direct downstreanthafSaharaDesert, we anticipate the dust
may play a bigger role in determining the fate of the storne €hrly development stage the
hurricane Earl (2010) consists afweak disturbancestage,a tropical low stage,and a tropical
depressiorstage For simplicity, we us@ E athrdu@hout this thesis without distinguishing its
strengthand stage A coupled atmospher@and chemistry/aerosol model is used to investithase
impact qualitatively and quantitativelyhe initial and boundary conditions for the aerosols in our
simulation are taken from the global aerosol modéisis, wecancompare our results fprevious

studieggiven thatour experiment desigican overcome thelimitations mentioned above.
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1.7 Thesisoverview

The thesis is organizedto the followingchaptersChapter 2 describes the numerical model
and the observation. Chapter 3 describesase study ofurricane Earl (2010)n numerical
simulatiors. We first validate the meteorological forecdst the modelusing observatios and
reanalysisdata. Then wevalidate the aerosol forecast usiagrosolobservatios. Finally, we
analyze the maal result.We discuss the following topics: (1) dustrosolgdirectradiativeeffect;

(2) dust aerosols impact the zonal mean of AEJ and AEW; (3) dust aerosols affect the tropical low
and the tropical depressidBhapter 4llustrates howdata assimilatio techniquecanimprovethe

forecastbf the TC andherosolsChapter fgivesconclusiors and future works.
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2. Data and model description

2.1 MODEL

To accurately evaluate the effect of SAL and dust aerosols in modeling husricenase
the WeatherResearch and Forecasting modelmed with Chemistry\WRFChemn) in our study
The model contains meteorological component and chemistry compofeat.chemistry
component of the model is consistent with theteorological componeriBoth componerst use
the same transport scheme, the same grid, and the same physiosssichiesubgrigscale transport
(Grell et al. 2005)

WRF-Chemhas been widely usedihescientificcommunityfor different research purpase
including studyingaerosol direct and indirect effe¢hao et al. 2010; Saide et al. 20Chapman
et al. 2008; Jose et al. 2015; Batoal. 2015)Generally speaking, modeatsinsimulatea variety
of variables spatially and temporaltyore accurately wheaerosol direct and indirect effects are
included in the modeFor instancethe model used bgaide et al(2012 can well represent the
liquid water path, cloud optical depttgp and base heightain rate,and droplet concentration
whentheaerosolcloud interactiorprocesss included in the model.

The model domaiim our studyis shown inFigure2-1. The horizontal rgolution is 36 km.

There are 37& 163horizontalgrid pointsand 57 vertical levelsp to 10 hPa
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Figure2-1. Model domain forthe casestudy.

2.1.1 Meteorological Initial and Boundary Conditions

Regional atmosphericmodek requite initial and boundary conditian NCEP (National
Center for EnvironmentpFNL Operational Global Analysis datan provideheregionalmodel
with the meterological initial and boundary conditien(http://rda.ucar.edu/datasets/ds083.2
FNL hasl-degree by degree grigpadng prepared operationally every six hswsinghe Global
Data Assimilation System (GDAS]} continuously collectand assimilates variowdservational
datafor analysesThe analysg are available on the surface abh@6 mandatory (and other pressure)
levels from 100t Pato 10hPa.The boundary conditiaof our simulationderived fromFNL data

are alsaupdatecevey 6 hours.

2.1.2 Model PhysicsSchemes

WRF offers multiple physical options, enabling users to optimize its performance for specific

scales, geographical locations, and applicatiBased on earlier sensitivity test resuttgphysics
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schemeghat arechosen for all the experiments in this theare summarizd in Table2-1. The

interactiors among the physicschemesre shownn Figure2-2.

Table2-1. WRF physics schemes chosen in this study.

Options in WRF Name of the physics sheme
Radiation RRTMG scheme
Cumulus New Grell scheme
Microphysics Morrison double moment scheme
Surface layer Revised MM5Monin-Obukhov scheme
land-surface Unified Noah lanesurface model
Planetary Boundary Layer Yonsei University scheme
Physics
Direct Interactions of Parameterizations
Microphysics ettt Cumulus
cloud
cmml sl A verain] Shallow convection
Radiation PBL
surface surface
ol sh on
\
:urf,ca
SW, LW Surface » T, Qv, wind

Figure2-2. Direct interactions of parameterizatiandaVRF (Dudhiaand Wang 2014)
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We particularlydescribeMorrison doublemomentmicrophysicsschemehere since itis
importantin our study The wo-moment schemér double moment schemms)better tharthe
onemoment schemé&®nemoment microphysics schemaly predics the mass concentration of
different particlesFor example, the equatidior the mass concentration each hydrometeor

speciesdoud droplets, cloud ice, snoand rain can be written agMorrison et al. 2005)
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wherether is the mass mixing ratio @ach hydromete@pecies o is the 3D wind vectorw

denote the masseighted terminal particle fall speéor each species. is a turbulent diffusion
operator for models that parameteriggbulent mixing.

The first three terms of the righthand sidetb& equationinvolve spatial derivatives:
advection, sedimentation, and turbulent diffusion. The remaindéreaietms on the ghthand
sidearethe microphysical processes. The last six terms are primary production (ice nucleation or
droplet activation), condensation/deposition(evaporation/sublimation), autoconversion
(parameterizetransfer of mass and number concentration ftieencloud ice and droplet classes
to snow and rain due tooalescence and diffusional growth), collection between hydrometeor
species, melting/freezing, and icrlltiplication (transfer of mass from the snow class to ice).

However, in reality,ie numbeconcentration of particles can be independétiteir mass

concentratioa Forinstance during the accretion or breakop particles,the mass concentration
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and number concentratimmange independenthAn additional equation ineededo predict the

evolution ofthenumber concentration
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where( is thenumber concentration of each hydrometspecies in the model: cloud droplets,
cloud ice, snow,and rain.The last seven termen the right sideare primary production,
evaporation/sublimation, autoconversion, s@lfiection, collection between hydrometepecies,

melting/freezing, and ice multiplication.

Becausethe radiative transferis impaced by the absorption and scattering of the diou
droplets, predictingcloud droplets number concentration and their size distributionse
accuratelywill improve the accuracy ofhe radiative transfer proce¢€hapman et al. 2009)
Moreover, toud droplet activation depends on the aerosol distribution, chemical comy@meht
supersaturatiorof the environmentThus the two-momentmicrophysics scheme cédne couplel
with anaerosokcheme to study the aerosbbudinteraction, i.e. thendirect effect.

In theWRFChemmodel| if the chemistry process is turned on, the number of cloud droplets
are activated by aerosal§ he aerosols are predicted by tbleemistry aerosol module. the
chemistry processs turned off, we chase to usahe two-momentmicrophysicsschemewith

prescribe aerosad for cloud droplet activation.
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2.1.3 Chemistry and Aerosolschemes

a. Gasphase chemistry

CBM-Z chemical mechanisrfzaveri and Peters 1998 usedfor gasphase chemistrin
our study The scheme has 67 species and 164 reactions in a lumped structure approach which
classifies organic compounds according to their internal bond types. Rates for photolytic reactions

within CBM-Z are derived using the FasscheméWild et al.2000)

b. Aerosol chemistry

The arosol module used in our studsyModel for Simulating Aevsol Interactions and
Chemistry MOSAIC). MOSAIC isimplemented intdVRFChem(Fast et al. 2006Zaveri et al.
2008. The schemeaeats major aerosol species such as sulfate, nitrate, chloride, carbonate, black
carbon, primary organic masmnd other inorganic mass (OIN). Dust is considered as OIN.

The aerosol size distribution in MOSAIC described ira sectbnal approach. Therare 8
bins, andeach bin has its upper and lower diameters defindthbie2-2. Each bin is assumed to
be internally mixed, which means that all particles in eachdoie the same chemical components.

One of the limitatios of the MOSAIC aerosol schemes thatthe diameter of the dust
particlesin reality can be larger thathe maximum bin size (1fm) in the model The dusteffect
in the vicinity of its source regiomay be underestimatetdecause of this limitatiorThose large
particlesare heavy andernd to sedimentbefore they move off the coast. Herfeaving 10um

maximum bin sizés expected tmot generate large bias/er the oceanlin spite of the limitation,
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WRF-Chem withMOSAIC 8-bin aerosol schemigas successfusimulatedmany aerosol processes

in thescientificcommunity for different research purpo¢£keo et al. 2010Chapman et al. 2008

Table2-2. Particle drydiameter ranges for MOSAIC 8 binmdule.

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8
Minimum 0.039 0.078 0.156 0.312 0.625 1.25 2.5 5.0
Diameter
()
Maximum 0.078 0.156 0.312 0.625 1.25 2.5 5.0 10.0
Diameter
(bm)

The @rosoldirect effect is included in th&/RF-Chemmodel. RRTMG radiationscheme
has been coupled MOSAIC aerosol modult include radiation feedback from aeros@bao
et al. 2011) Each chemical component hasspecificrefractive index which depends dhe
wavelength andhe chemi@al composition. For dusterosolsthe refractiveindex for shortwave
radiation is 1.55+0.003ivhich isthe defaultvalue in WRF ands used in other studigZhao et
al. 2010) The overall refractive index for a given size bin is calculated by volume averaging all
the refractive initesof all the chemical components. By using Mie theory, the aerosol optical
propertiessuch asextinction efficiency scattering efficiency, anthtermediate asymmetry factor
arethen determined aratepassed to radiation scheme to calculate direct fo(€iast et al. 2006)
Aerosolcloud interaction can be studied by connecting MOSAIC and microphysics scheme
such as Morrison double moment scheme. Aerosol size distribution and compositiomraeter
CCN. Within double moments schemes, cloud droplet number nucleation and evaporation rates
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correspond to the aerosol activation and resuspension ratethfaerosoimodule(Chapman &

al. 2009)

2.1.4 Emission

A large portion of aerosolomefrom the emission from the grouridustin the atmosphere
is lifted by wind from the dust soutoen fi o-f f n e 0 named@emigia Tech/Goddard Global
Ozone Chemistry Aerosol Riadion and Trangort (GOCART) describes tliistemission process
(Ginoux et al. 2001Chin et al. 200@,l5 Chin et al. 2002)WRF-Chemadapts this scheme but
changed ithe o oameta 2010

Dust flux equations

O o01iY6 o 0 JOXV)] 0

or'0 m I OEAOx EOQA (2.3)
"Od,dust flux * @ i
0 : adimensional factof "Q & ,itistunable

“Y source function. It comprises surface factors otential dust source regions

i :afraction of each dust size clasghe emission

0 : 10-meterhorizontalwind speedm/s)

0 :thresholdof wind velocity,a function ofsurface wetness, air densignd particle size

(m/s)

It is a common practice that, based on different experiments, the emission is tuned to match

the observation. Constamtdrdthe flux equation can be tunechére is another constant (we name
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it constantd B o adjust the emissidnside the model code, whictts the sampurposeas the
c onst anhefluwéeGuation Using a test experiment, we
0.5 to fit the MODIS AOD observation whileeepngt h e unéhariged.
The emission rate for sea salt is reduicenur study as well. A constant is adjustexin 1.0
to 0.8 to match th1ODIS AOD value Otherresearches alsosuggestedhat WRFChemmodel

tends tooverestimatesea sal{Saide et al. 2012)

2.1.5 Chemistry Initial Condition and Boundary Conditions

Usually, when researchsiusethe aerosol model, thgyovidea climatological chemistry
initial and boundaryconditiors to the model Since hey are the climatologicalaverage of the
chemistry quantitieswe underestimate the chemistry quantities if we use them to studg
weather evewst Therefore, aking the initial and boundary condit®from anotherchemisry
model isan effectiveway to improve the representation of chemistry spetieset al. 2011)
Especially, timevarying chemical boundary conditidrom globalchemistrymodels can improve
theregionalmodel accuracyTang et al. 2009)

In our study two modeloutputsare potentially suitable for providing initial @boundary
conditiors. They are MOZART4/GEOS5 (Model for Ozone and Related Chemical Tracers,
version 4 and GodddrEarth Observing System Mod#&lersion 5) and MACAI (Monitoring
Atmospheric Composition and Climate, version Byth include the MOZART model as their
chemical transport modéCTM). MOZART is version 4 inMOZART-4/GEOS5 andis version 3

in MACC-II.
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MOZART is an oftline global chental transport model built on the framework of the Model
of Atmospheric Transport and Chemistry (MATC{Raschet al.1997; Emmons et al. 2010&ea
saltand dust are divided into four size hi@ther aerosolsuch asulfate, black carbon, cagic
carbon, seamdary organic,and ammonim nitrate are assumed to have lognormal number
distributions.As MOZART is an offline model, it requires meteorological fields from other
modelsto drive it These modelsan beclimate moded, NCEPNCAR reanalysigKalnay et al.
1996) Goddad Earth Observing System Mod#®lersion 5 (GEOS), European Centre for
MediumRange We at hECWMFpIntegratads-orecdst Syst€liRS), etc

Although GEOS5/MOZART-4 has a newer version ¢ie MOZART model, it tends to
overestimateerosoloptical cepth (AOD) ovemNorth Atlantic Ocean compared to MODIS AOD
retrievals(Emmons et al. 2010)We foundthe same result in our stud®ther disadvatges of
this modelare (1) The data set is not available before 20@Ydust is the time averagalue
which prevents us to generate higgmporal resolution boundary conditioms weneed to update
the aerosol bowdary conditios every 6 hoursBecause of thes#isadvantage we use MACGII
datain our study.

MACC-II producthas MOZART version 3 as its chemical transport m¢@dlM) which
coupled withECWMF IntegratedForecast Syster(iFS). It predictschemicaly reactive gases,
greenhousg@asesand aerosols. Suatoupledsystemis used by IFS data assimilation system to
assimilate satellite observatmior both meteorology and chemistry fieldis this coupled system,
IFS and CTM run paralll, and they exchangeformationevery hour. IFS ha80 km horizontal
resolution, while CTM has 1.12% 1.12% resolution to savthemodel running time. Both models

have 60 vertical levelsp to Q1 hPa
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MACC-II includes dustsea saltorganic carbon, black carbon, asulfate aerosols. The
modekd AOD has been validated againr&OD observationdrom AERONET, MODIS, and
CALIPSO (Morcrette et al. 2009)The model generally producescomparableresult to the
observatios horizontally andemporally. Satellite observations were assimilated into the model to
improve thebackgroundand producea betteranalysis More cetail description of MACAI can
be foundin Inness et al(2013) Many numericalstudies have used MAGIT aerosol output as
their modelinitial and boundaryconditiors (ArcherNicholls et al.2014,2015; Giordano et al.
2015;Wang et al. 2015)

In the ranalysis product from MACAI, AOD is mainly from dustsea saltblack carbon,
organic carbon, and sulfatEhese aerosol speciaseconverted from MOZAR® binsin MACC-

Il to MOSAIC 8 binsin WRF-Chemto drive the modelDetaiked conversios method isshown in

theappendix

2.2 Observations

2.2.1 Conventional Observatiors

Conventional observations incluadadiosondeobservationsaircraft observation,marine

surface observation, land surfa@ observationghttps://rda.ucar.edu/datasets/ds337.0/#!lagcess

The radiosondaneasuementis used to verify the simulations in our study. Otbleservationgire

used in the data assimilation. Their descriggican be found in chaptdr
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2.2.2 Satellite Retrievals

(1) CIMSS Satellite winddata(http://tropic.ssec.wisc.edUyt#They areassimilated into the

model.Detail will be discussed in chaptér
(2) CloudAerosol Lidar and Infrared @hfinder Satellite Obseation (CALIPSO)

(https://www.nasa.gov/mission pages/calipso/main/index)hiinihcludesextinctioncoefficient,

attenuated backattering, depolarization ratiand backscattering color ratio data. This setes
used to verifythevertical distribution of the aerosol in our modi@lecast

(3) Atmospheric Infrared Sower (ARS) (https://airs.jpl.nasa.goN/It provides a daily

global view of the thredimensional physical state of the atmosphere (air temperature, water vapor,
andclouds). Temperature profiles from the dathievean accuracy of 1K for every 1 km layer in

the troposphere arah accuracy of 1 k for evedykm layer in the stratosphere. Humidity profiles
from the datachievean accuracy of 15% inkm layers in the lowedroposphere and an accuracy

of around50% in the upper troposphere.

The AIRS Level 3 products contain gridded statistical summaries of the AIRS Level 2
geophysical quantitiest hasdaily, eightday, and monthly Grid produsiWe use Level 3 data to
analyze the temperature and humidity fields in the Atlantic Ocean and Sahara regions.

There are threprocessing streams of each Level 2 and Level 3 datartype latest version
(version6) data producAIRS+AMSU, AIRS+AMSU+HSB and AIRS-only. Theydiffer in the
combination of instrument radiancesed in the retrieval process. AIRS+AMSU ke tmain
version 6 product based on the combined AIRS aWM&K observationgTexeira 2013)Sincethis

productis commonlyusedin the science community,exalsouseit.
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4) The Moderate Resolution Imaging Spectroradiomete(MODIS)

(https://modis.gsfc.nasa.gdv/It monitors the ambient aerosol optical thickness oleroceans

globally and over a portion of the contineratellite products used in this reseaiotiude (a)
Level 2 aerosol data which are basedarrowswath subsstalong CloudSat field ofiew track.
Within each day, there are many files whiepresent different observation tiniata assimilation
experimentsn our study assimilate this produgh) Level 3 daily joint aerosol/water vapor/cloud
product, which is a combinatiaf Level 2 product. Its usel to verify the forecast of AOD from
the model. Both are from the newest collection 6.1 vergiafetailed description ofLevel 2data

will be provided later in the data assimilaticmapter

2.2.3 Aeronet

The Aerosol Robotic Network (AERONET) established\®ySA andPHOTONSprovides

globally distributed observations of spedthOD (https://aeronet.gsfc.nasa.gpwhis data is used

in our study to verifyhe forecast of AOD from the model.

2.2.4 Hurricane observation

Thefbest track  dfiorh [dational Hurricane Center (NHCdntain tropical cyclone center
locations, the minimum sea level pressure, and the maximum surface wind spee

(https://www.nhc.noaa.gov/data/#hurd&/e use them to verify our simulati®n
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3. Case study: Hurricane Earl(2010)

3.1 Overview

Earl developed from a tropical wave over the west coast of Africa onsA24u201Q It
became a hurricane on Aug$, 2010(Figure3-1). Earl continued to interfyito a Category 4
hurricaneand itstarted to weaken wheratterturned northeastwardDuring the weakeningtage
it made landfall on Nova Scotia on SeptembeR010as a Category 1 hurricank. brought
damages to areas where it passetailined fivelives caused stormsurge whth destroyedmany
housesThe NHC official track forecasts starting from August 26 tq 3010for hurricane Earl
areshown inFigure 3-2. While itsgenesis was predicted, the foreeddtacks in the early stage

werebiased towardhe east
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Figure3-1. Hurricane Earl best track fronl2August to 4SeptembeR010(Cangialosi 2011)
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Figure3-2. Official trackforecastfrom 26 August to 3Rugust(Cangialosi 2011)

3.2 Observational analysis ofSAL

Hurricane Ear(2010)wasunder the influence of SAL whenvtaslocated in he centrabnd
eastermAtlantic (Cangialosi 2011)The combined DnAir/SAL imagesshowedthat SAL signal
wassignificanton the wesAfrican coasiFigure3-3). OnAugust24, 201Q0when it was dropical
low, it waslocated to the west dhe African coast(Figure 3-3a). At the samdime, SAL was
locatedon itsnorthside One day later oAugust25, SAL extended further to the west, and it
began to wrap around Earl as it moved to the westdi@arl (Figure 3-3b). On August26, the
i wr a proeessvasintensified as the leading edge of SAL moved to the saetttside of Earl
(Figure3-3c). OnAugust2 7 , wrap e pfocessvasweakenedinceSAL signal around Earl

was weakerespeciallyon the west and nortlside (Figure 3-3d). Earl finally escaped anchoved
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ahead of SAL(Figure 3-3f). Giventhe abovementioned proces#, is reasonable to expect that

SAL mightimpact the formation and development of Earl

(@) (b)

e qi‘A ’ k.

”;
g
&

Figure3-3. +METEOSAT-7/GOES11 combined Dry Air/SAL Praatct (CIMSS/ University of Wisconsin
Madison)at (a) 00UTC 24 August (b) OOUTC 25 August (c) 00UTC 26 August (d) OOUTC 27 August

(e)00UTC 28August (f) 00UTC 29 August201Q Red letter Gndicates the position &arl or its precursor.
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SAL is dry,warm and dusty We canverify theseproperties by using AIR&nd MODIS
products FromAugust24 to 29, there is a warm regionNorth Africa andits west coastFigure
3-4). Comparing the temperature distribution among all the lagfegares not showr, the
temperature gradient is highestiround 85Pa level. Relative humidity hassimilar pattern as
the temperaturéFigure 3-5). At 850hPa, relative humidity to the northwest coast ofics can
reach under 10%MODIS AOD L3 product(Figure 3-6) shows that aerosoladicated by high

AOD values generally collocate with dry and warm air
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Figure3-4. Temperature®C) from AIRS L3 at 85(hPaon (a) 24 August (b) 25 August(c) 26 August

(d) 27 August(e) 28 August (f) 29 August 2010.
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Figure3-5. Relative humidity from AIRS L&t 850hPaon (a) 24 August (b) 25 August(c) 26 August

(d) 27 August(e) 28 August (f) 29 August 2010.
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Figure3-6. Aerosol optical deptht 550nnfrom MODIS L3on(a) 24 August(b) 25 August(c) 26 August

(d) 27 August(e) 28 August (f) 29 August 2010.

3.3 Model simulation
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3.3.1 Experiment desgn

To conduct the sensitivity test of the impaaft aerosolson the hurricane, WRF control
experiment excludinghemistry procesis conductedirst. A series of experimentrecarried out
to choosea suitable initial timefor the control experimenWRF simulationsare initialized at
different timesranging from 12 UTC August 19 to OOUTC Aug@&and run for 5 dayd-igure
3-7 shows the simulad tracks and the NHC best track. All tracks are plotted from 00OUTC August
24when a closedurface circulation develope8ettertrack forecastgenerallyareachieved when
the moded areinitialized at alatertime. However, we noticthatwhen the modes initialized at
12UTCAugust20 and 00UT@Q\ugust21, thesimulatedracksareless accurately placed compared
to thesimulation launcheat OOUTC on August20. This meanghatthe initial conditionsfrom
FNL at these two times may contain largerors.Initializing the model at 00UT®©n August20
alsodoesnot produce good resultetause the modptoducesa spurious hurricankater (figure
not shown)Thus,we choosedo initialize the modeht 12UTCon Augus®21, whichis early enough
to include signifcant impacts from dusthdcanleadto a reasonable track forecast among all the

simulations.
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Figure3-7. Modelsimulated tracks from different initial timasdthebest track (Black lineAll tracksare

plotted from OOUTC 24ugust 2010The legends on the upper right corimglicate differeninitial times.

We notice that TC forecast errors grow significantly with foretiam. According tdNHC
tropical cyclone report for hurricane E&Cangialosi 2011 )the track forecast erroesrange from
3776 km (203.9 n mi (nautical milg¢¥o 768.6km (415 n m) at 120h from different modelsThe
track faecast error irExC is 527.8 km 285 n mi) at 120h(12UTC 26) which is still in the
reasonable range of the official forecasts. Therefore, we wilitteinpt to correct the track errors
at this time rather we will focus on how aerosols will affect the forecasts.

Two additional experiments(experiment ExO and ExDOare based onthe control
experimenExC, butthechemistryprocesses amddedio the malel (Table3-1). All experimens
areinitialized at 12UTCon August21, 2010and run for 5.5 days until OOUTC August. 24s
mentiored earlier, the control experimentis conductedusing the WRF model without any
chemistry. The xperiment ExOis WRFChemsimulation withaerosolgblack carbon, organic
carbon,seasalt, sulfate but no dugtincludedinto the model initl and boadary conditios. In

the experiment ExDQdust and other aerosols mentioned ab@re addedto the model.By
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comparingthe experiment ExO anthe experiment ExXDQwe can investigate theddedeffect of

dust.

Table3-1. Experiment configurations.

Chemistry | Dust Black carbon, Organic carbonSea salt
Sulfate
Control experiment ExC None None None
Experiment ExO Yes None Yes
Experiment ExDO Yes Yes Yes

3.3.2 Model evaluation

3.3.2.1Evaluation of Meteorological variables

The model simulated track @etermined bydcating the minimum seavel pressuref the
systemWe can see théihreesimulations have similar trackandtheyarebiasedto thenorth-east
(Figure 3-8). As forecasts from other models such as ECW8WBw no better resulteurtrack
biassarenot a resultof the deficiencyin our experimerdl design Possible reasons are errors in
the initial and boundaryconditions inthe models. The track of a tropical cyclome mainly
controlled by its ambient larggcale flows andnteractionsbetween the TC andther weather
systems. Irthe case of Earhurricane Daniell€2010)developed before Eamay have disturbed
the environmental flown front of Earl (Figure 3-3). Improving theTC forecastrequires the

improvementof the prediction of multiscale physicarqeesses over disparate regions of the
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hemisphere, rather than just locally over the disturbance of in{€@ster and Galarneau 2017)

We will show later in chapter 4 that the data assimilation indeed can improve the track forecast
when the largescale backgrounfiow becomes more accurate. Here we focus on one aspect of the
model errors, that iwhetherconsidering aerosols especially dust will change the TC forecast.

Adding aeosols to the model impres the track slightly befora8UTC on August25 (east
of 29 °W) since oth tracks inExDO and ExQarecloser to the best trackxDO track forecast
outperforms ExC throughout the whole periwih track error redued by 7% on average from
O0UTC 24 to 12UTC 2660h to 120h. Overall, the trackforecast improvement ismall but
noticeablevhenthe simulations includeerosols.

All simulations producedtronger sealevel low pressureand higher maximum wind
compared to the observat®ifFigure3-9 andFigure3-10). Many factors mayavecontributel to
thisoverpredictionFor examge, interactions between the storm and its environment including the
ocean,and the cumulus parameterization scheme that may trigger too much convatteon.
12UTC on August25, he minimum pressure in ExD8ecomeshigher thanthatin the other
simulations, and its maximum wificomesower. It showsthatdust aerosols reduce the intensity

overpredictiorby 35%in the minimum SLP and82% in the maximum wind at the 120h forecast.
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Figure3-8. The smulated tracls and the best tradior Earl. The ECMWF track forecasis from 12UTC 24
to 12UTC 26at eveni2 hoursThe dhertracks are from OOUTC 2% O0UTC 27August2010.The track
from ExC andthebest trak are in 6 hours intervalhe tracks fronExDO and ExO are in 3hours intervals.

The numbers indicate the dayetail description of the experiment configurasaan be foundn Table

3-1.
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Figure3-9. Minimum sea level pressugenits: hPa)ExC and best track are in 6 hours interval while ExDO
and ExO are in 3hours intervals. Detail description of the experiment configgreaiome foundn Table

3-1.

65



35 I I I

[
ExDO
ExXQ —»—
30 EXC —s— -
best track —=—
25 - -
@
E »nlL _
=]
QU
% b
2 15 -
£
=
” H._./._._H |
5 — ]
0 | | | | | | |

24 24.5 25 255 26 26.5 27 275 28
time (day)

Figure3-10. Maximum surface wind speddnits: m/s) ExC and best track are in 6 hours inteswatile

ExDO and ExO are in-Bour intervals.

Although the simulations produce strongerpressue center and biaslitrack compagdto
the observations, the overall distributiand evolution bthe systemsrecomparable tohe FNL
reanalyss (Figure 3-11). At 12UTCon August22, oneday afer the simulation startsn the
experiment ExDOa low-pressure system is presentNarth Africa (Figure3-11a). The system is
stronger and is located to the south in our simulationstkizim FNL. We will analyzethis system
in detailin thefollowing chaptersto showthis system is part of the AEW systerthatgenerates
hurricaneEarl later.

At the beginning of tropical low stage at 00UD@ August24, a low-pressue centeris
located on the west coast AfricaHgure 3-11b). The locationin our simulationis closeto FNL

reanalysisbut our simulation stikhowsa stronger cente©One day later at 00UTGn Augus25,
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the system mves to the west and develops into a tropical depresBigaré3-11c). The system
in our simulations still stronger thamhatin FNL, and itslocation is tathe north of its position in
FNL. Other experimentsExC and ExO)have similar patterrs in sealevel pressureas the

experiment ExDO (figures not shown).
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Figure3-11. Sealevel pressuréhPa,shading)and wind vectofor (left) the experiment ERO, (middle
the FNL reanalysisand(right) the dfference(ExDO-FNL) at(a) 12UTC 22; (b) 00UTC 24; (c) OOUTC 25

August 2010.

The lowpressure system at the surfacapgrt of a complex convective system which has a
wave pattern at the upper leselVe named the wavigAfrican EasterlyWaved (AEW) which is
significant at 60Pa level. A local maximum relative vorticity and a gustreamline can be seen
at around 12N, 0°E at the beginning of the simulati@xDOat 12UTCon Augus®1,2010 figure
3-12). This indicates the location ¢the AEW trough.The dense streamlimepresents African
EasterlyJet (AEJ) which is an axis of maximum easterly wind. AEW and ABdtinueto move
to the west. AEWs located at 1W one day lateat 12UTC22 August(Figure3-13). The denser
streamline and higher relative vorticity in ExD&imulationcompared td=NL indicatethat the
wawe is stronger in the simulatiohe stronger waveorrespondgo a stronger lov-pressure
system athie surfaceOne day later at 12UTE3 August(Figure3-14), AEW in the simulation is
still strongethanthatin FNL, and its trough position is to the north of AEW in FR\t thetropical
low stage at 00UT@4 AugusiFigure3-15), the stronger AEW correspasim the stronger suace
pressure in the simulatiohts troughs still biased to the north compared to FNL. Such bias remains
in the whole life 6this system in the simulatiorfrigure 3-8). AEWs in dher simulationgExO

andExC) havesimilar patterrs asthe experiment ExDO (figures not shown).
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Figure3-12. The 600hPa sreamline andherelativevorticity (shading) at the beginning of the simulation

ExDO at 12UTC 2RAugust 2010
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Figure3-13. The600hPa sreamline andherelative vorticity(shading) at 122UTC 22ugust 201dor (a)
ExDO, b) FNL.
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Figure3-14. Same ag-igure3-13 but at 12UTC 23ugust 2010
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Figure3-15. Same agigure3-13but at 0OUTC 24ugust 2010

AEJ is important to providenergy to the growth of AEW which can trigger convective
systens over the ocean. We compate time andzonalaverage of the zonal wind between our
simulationExDO andFNL (Figure3-16). A maximum of easterly winis located at around 600
700 hPalevel indicates AEJ is present in the regidxEJ and associated lopwressure system at
the surface arstronger in our simulation. The westerly wind undé&d is a part of the monsoon
flow that supplies air to the loyressure system. It stronger in our simulation as wellhe
meridional cross sectiorof the averagedonal wind shows that the position of AEJ in our
simulationis comparable to FNLthe location of its trough related to the precursor darl
generallyis biased to the north against FNL ahown inFigure3-12to Figure3-15. AEJ in aher

simulationgd ExO andExC) also havesimilar patterrsto theexperiment ExDO (figures are shown).
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Figure3-16. The \ertical meridional oss sectiosof 5-day-averagd (from 12UTC 21 to 12UTC 26) zonal
wind, average between 10W and 10f@r (a) experiment ERO, (b) FNL reanalysis, (cand theidifference

(EXDO-FNL).

Radiosonde observatisifrom threestations are selected yalidatethe simulationresults

Figure3-17). In-Salahstationis locatedin the Sahara region where the atmosphere is dry.
NiameyAero stationis locatednear Sahel region (around5°N) where it shareshe boundary
between dry and wet regisrGuimarTenerifestationis locatedon the west coast dforth Africa.

At In-Salahstation 24 hours after the model was initialized 12UTC 22the Skew-T plot
of the radiosonde dashowsthat the layer is very drgincethe difference between the dewpoint
and the temperature is lar@léigure 3-183). The environmental temperatunas adry adiabatic
lapse rate up to 60tP3 which indicates that the bounddayer is well mixedand thick This is a
result of strong heating over the desegion Suchsoundingprofile is typical in the Sahara region
(e.g.Messager et al. 2010yhe SkewT plot from the simulation has thevslar sounding profile

(Figure 3-18b). 12 hours later at 12UTC 2@&hile the radiosonde observation changes Jittie
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profile from the simulation édcomes wetter as indicated siyaller dewpoint depressigrigure

3-19).
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Figure3-17. Locations othe radiosonde stations
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