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Abstract
Obsérvatidns and modelé demonstrate that northern tropical Atlantic. seé'éurface
temperatures are sensitive to regionai changes in'stratospheri_\c'wl)lé.éhic and trbpospheric
mineral aeros;)ls. However, it is unknown to what ¢x_tent_th_e: tempbrai variabilify of 'thése 1
aerosols shapés observed vAtlant‘ic ~ temperature .a'nomalies ‘on all time scales.
Simultaneously, '26 yéars of déily retriéValS Vof aerosol opti§a1 thickneSé from the’
- Advanced Very High Resolution Radiometer suggest strong seasonal to dccaglal local
~ variability in aerosol optical thjckness.b HoWever, to-date no study has ﬁsed the
information from these satellites in order tb ahswer tﬁe questiori of ‘the role of aerosols in
observed temﬁérature anomalies. | '
| The aim of this- thesis is to develop a niethqd ‘fof usihg satellite data in
~ conjunction with simple models to esﬁmate the ocean mixed layer response to aerosol
forcing, and tﬁen to uﬁderstand thbse estimates in terms -of recent observed sea surface
temperature variability. To do this I create a northern tro‘picalv Atlantic climatology of the
aerosol direct effect by calculating the change iﬁ d'oﬁ'rnwelling surface solar and
| longwave flux, based 6n monthly and onefhalf degree satellite retrievals of aerosol
optical depth. I next use this foi'cing climatology to drive a simple mixed layer model to
~ estimate the integrated ocean tempefature response to the aerosol radiative forcing. The -
output of this mixed layei' model is thén directly.co'mpared to observations of sea surface
temperature in ofder fo quantify the role of aerosols in 'recént oceé_n | temperatufe

variability.
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The results from this analysis sﬁggest thét. low ﬁ'equency changes -in northern
tropical Atlantic temperatures are largely the lrbnixedllayer feépdnse to regional variabiiity
in nﬁneral and stratospheric aerosols, With 70% of the upwérd trend in‘ observed
temperatures being directly aftﬁbuted to aer(')soll Yaﬁ'ability, an:db67% of thé five yéar
: smbothéd variability éroﬁnd that upward trend also-~béing_ attribﬁted to local ch:a‘nges'in ‘
aerosols. Consequently, my results also imply th.aA,tr dire.ctv effécfs' from other forcihgs
(e.g., incréases in greenhouse gésses or salinity driVenuv changes in thé deep ocean
circulation) »co‘nstitute-no more than 23% of the variance in thé l_ong;term temperature

- signal, and no more than 30% of the total upward trend.
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FIGURE 1.2 ACCOUNT OF SHIP’S ENCOUNTER WITH THE HARMATTAN. COPY OF THE PUBLISHED ACCOUNT
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- THE NORTHERN TROPICAL ATLANTIC DURING FEBRUARY 1839, REPRINTED FROM HAYWARD (1839).
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1 Introduction
1.1 Thesis Outline

This thesis explores the role of aerosols in shaping ’receritly ebserved ocean
temperattire anomalies of the nerthern trOpical Atlantic‘ using a combination ef satellite
retrievals of aerosols optical depth, long and shortwave radiativ'e transfer models, and a
Vsimple stochastic miired layer model. This work' is organiz__ed in the fellowing rnanner.
SeCtion 1.2 ef this chapter contains a .hi_storieal accounti of reSearieh'into Atlantie, dust
outbreaks, spahriing the time period of 1154 through 2009, and section 1.3 gives a more .
sp_eciﬁc iiterature review of research into the radiative effects of dust on eceari surface
temperatilres.'

The second jchapter -of this work focuses on the satellite retrievals of aerosol
optical depth and ixsing these data to estimate the aerosol direct effeet. More specifically,
Section 2.1 prevides basic background information on the satelli’te_ data used and presents
a climatology of». rlust and stratospheric aeresol eptical depth over the rlorthern tropical

| Atlantic. Section 2.2 ‘descr_ibes the radiative transfer models used to estimate the aeresol g
direct efi'ect, | discusses the merits and weakness ef the methods used. Section 2.3
provides a. limited vaiidation oi' the shortwave radiative transt'er model b}r making
vcomp'ariso,ns to shipboard observations of downwelling solar flux in the Atlantic during
severalﬂdust outbreaks. Lastly,: section 2.4 presents a climatology of northerrl tropical
Atlantic dust and stratospheric aerosol surface forcing based on the output of the ratiiative

- transfer models, which use the satellite observations of aerosol optieal depth as input.
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| The third chapter focuses on the estimation of the ocean mi)red layer response to
aerosols Sectlon 3.1 descrlbes the simple stochastlc mixed layer model the bas1s for the
shghtly more comphcated one’ used here Sectlon 3.2 presents the concept of seasonal
reemergence of oceantemperature anomahes, descnblng and val1_dat1ng the m1xed layer o
model I fuse,v which is shown to »he able to r_eproduce the temporal pattern of persistence in
- sea .sur‘facetemperatu‘re ’variia'bilit'y; Section 3.3 describes the method in which I force
 this miXed laYer ,model with‘ my estimates of .the aerosol direct effect,:detailing the
various model runs. At the end of this section I present a climatology of the northem i
tropical Atlantic mik_ed layer‘ temp‘erature‘ response to dust, volcanic_ stratospheric
aerosols,:and then both' dust and the volcanic aerosols; analyzing the spatial and temporal
\}ariabllity of each. | |
The fourth chapter makes a detailed compariv‘son _of observed sea surface
‘temperature anomalies with output from the mixedlayer model in the northern tropical
Atlant1c and over the time perlod of 1982-2008. Sectlon 4 1 briefly describes the spat1al
~ and temporal variability of observed sea surface temperature anomalies. Sectlon 42
presents the conceptual ‘framework_ for which model output will be compared with
observations. "FolloWing this, I quantify the lmportance of dust, stratospheric volcanic
aerosols, and bothv dust and‘ the volcanic aerosol jointly, in shaping. upward trends in
.‘ observed temperature variability, and inlluenéiné __the variability about those trends. This
, analysis’ is presented l)oth in terms. of temporal, andis»patial sea surface temperature,

variability. -
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- Chapter Five is devoted to analysis of sensitivity in the methods used for
'estimating the ocean mixed layer’s temperature' response to aerosols. Here I vuse

: reasonable estimates of uncertainty in -various‘model parameters to test the sensitivity of |
‘ the ‘mixed layer model output and the comparlsons with observatlons to those
uncertalntles Finally, in Chapter Six I summanze the work presented in this thesis, and
my main findings, d1scussmg their relevance_ to understanding the climate of this region '

and suggesting future work that is needed.

1.2 Early Hist‘ory'of Atlantic Dust Storm Research

The earliest account of an African dust storm over the waters of the Atlantic
Ocean has. been attributed to thev 12% century Arab geographer 'Muhammad al-Idrisi
(1099-1166) (Radczewski 1839 Tchihatchef 1883 Game 1964; Ward 1914 Stuut et al.
2005) Al- Idr131 ‘was comm1ss1oned in the 12" ¢ entury by King Roger of Sicily to create

- amap of the known world. The account of his travels was later published in 1154 as The

. Book of Roger, :and of the many maps he create.d, his map of the known world, which
‘included Europe North Africa, and Central Asia and was suhdivided into a 7x10 grid
(Figure 1.1), was the most accurate for the followmg several hundred years.

The Book of Roger has only in its entirety been translated from the onglnal Arabic N :
once; into French in 1838 (Idrl51 and Jaubert 1836). vSeveral passages within this
translation_refer to the Atlantic Ocean, particularly off the coast of West Affica, as the
Mer Ténébreuse, or Sea of Dctrkness. VW‘hile I have found this phrase in the first sectiOns

of the second, third, and sixth climates, The most descriptive entry related to the Sea of
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Darkness is contained within the section that considers the southern half of the Iberian

* Peninsula (the first section of the fourth climate),

, “Cette premiére section commence a la partie de l'extréme occident
baignée par l'océan Ténébreux dont émane la mer de Syrie (la Méditerranée), qui
s'étend vers l'orient. C'est la qu'est situé le pays Andalos, que les chrétiens
appellent Espagne ou presqu'ile d’Andalous, attendu que sa forme triangulaire se
rétrécit du coté de l'orient au point de ne laisser entre la Méditerranée et I'Océan,

- qui l'entourent, qu'un intervalle de 5 journées. La plus grande largeur de cette
presqu'ile est d'environ 17 journées, a partir d’un cap de l'extréme occident ou se
termine la portion habitée de la terre ceinte par la mer Océane. Personne ne sait
ce qui existe au dela de cette mer, personne n'a pu rien en apprendre de certain, a
cause des difficultés qu'opposent a la navigation la profondeur des ténébres, la
hauteur des vagues, la fréquence des tempétes, la multiplicité des animaux
monstrueux et la violence des vents. 1l y a cependant dans cet Océan un grand
nombre d'iles, soit habitées, soit désertes; mais aucun navigateur ne se hasarde a '

- le traverser ni a gagner la haute mer; on se borne a cétoyer, sans perdre de vue
les rivages. Les vagues de cette mer, hautes comme des montagnes bien qu’elles .
s’agitent et se pressent, restent cependant entiéres et ne se brisent (littér. ne se
Jfendent) pas. S'’il en était autrement, il serait impossible de les franchir.

“This first section of the fourth climate begins at the western extreme,
washed by the ocean of Darkness, from which the Syrian sea (the Mediterranean).
emanates, which stretches towards the east. It is there where the country of Al-
Andaluz resides, which Christians call Spain (Ichbdniyd) or peninsula (djazira) of
Al-Andaluz, considering its triangular shape, which narrows on the east side to
the extent of not leaving more than an interval of five days between the
Mediterranean sea and the ocean that surrounds it. The widest side of this
peninsula, about the size of seventeen days, from a cape situated on the western
extreme, where the inhabited portion of the earth, surrounded by the sea of
Darkness, ends. Nobody knows what exists beyond this sea, nobody has ever
known anything for certain, because of the difficulties to navigation presented by
the depth of darkness, the height of the waves, the frequency of tempests, the
multiplicity of monstrous animals and the violence of the winds. There is,
however, a good number of islands, inhabited or deserted, in this ocean; but no
sailor ventures to traverse it, nor gain the high seas, instead they limit themselves
to navigate alongside the coast, without loosing sight of the shores. The waves of
this sea, as high as mountains, even if they shake and clash, remain intact and do
not break. If they would break, it would be impossible to traverse them.”

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5

In Arabic Mer Ténébreuse.(Mare Tenebrosum in‘Latitll and Sea of Darkness 1n |
vEnglish)vis Bahr al-Zulamat., and it has been suggested that the tenﬁ al-zulumat may be
referring to a passage of the Qur’aan that ‘describbeys théf state of an unbeliever. és being
like, "the deﬁths of darkness in a )}ast deep ocean, overwhelmed with billows, 'to‘pp'ed by
billows, topped by [dafk] clOuds_'- depz_‘hs of dquness, one above the _bther” (Lunde
1992). It is more likeiy tﬁat_,the use of the word darkness by Al-Idrisi sjgniﬁed' the -
unknown that lay beyond the wesfeni coast of Africa and Europe. |
| The first .unambiguo‘us account of an African dust outbl;eak' over the Atlantic |
Cc'ean appeai‘ing 1n the scieﬁtiﬁc literature was in the 1.721' proc¢edings of the French
Academy of Sciences by P. Feuilléé, Observation sur une ﬂuie de sable dans la rhe}
Atlaritique précedée’d 'unebaurore boréale (Observation on a sand 'raih in the Atlantic .
‘Ocean preceding an aurdra borealis) (Feuillée 1721). This brief account describes the
enébunter of a ship with a “éand i'ain;’ on the 6" of April, 1719 ét 45°N and. 38°W, which
lasted tﬁree héurs. N | | - |

Duriﬁg the dry season, co'asial West Africa experiences strong surface trade winds

“ from the N to NE. These dry and oftentimes dusty Winds are known as the Harmattan
winds, based on the Fante! naine for this wind, Aherram‘anta' (Thqmson 1849) or
Ahérfamantah (Dobson and Fothergill 1781), which refers to the season in which‘if is ‘
active. Dr. James Lind of bthe Royal English Navy, fé.ﬁious his discovery of the cure for
SCuﬁy; describes the Harmattan wind in An essay on. the most eﬁ'ectﬁal means of

_ preserving the health of seamen in the Royal Navy (Lind 1762). Lind had observed the -

! An ethnic group found in present day Ghana
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» Hannattan' from sevéral locations along the West African coast: Guinea, Guinea—Bissau, ‘
and Benin. At this time in history medical research was concerned with' environmental
factors that impacted health, speciﬁcally.wihds“. This probably explains Dr. Lind’s
" commentary, which begins, “But of all vapours which infect the torrid zone, the most

bEd

: mdlignant and fatal are the Harmattans... Much Dr. Lilid’s description focilseé :on
health risks éttributed' to the Hann'attzvm‘,‘ and;‘ anecdotal stories of deaths attributed to thé
wind. Lind alvso‘vd‘escribevs the_Harr'na'ttan é,S ‘oc.:curring in the months oi' December
tiirOugh February, being 'southeasterly or northeasteﬂy, ‘changing the cciastal océan
Currents,_ and reducing visibility to less thain 15 yards. . The description of a northeeisterly,
dust'-ladenl surface wind d‘uring‘thev boreal winter months pérfectly matches the modern- -
‘d‘ay definition vof the Harmattan. Furthérmofe, Lind | deéc_ribés strong'k interannual
variability in the Harmattah_, a topié I explore in Chapter 2. : |
| l The theme of- Drl.r Lind’s account of the Harmattan is describing its ‘dangers' to
huihan héalth and initigaiing actioiis one niay take to a\ioid exposure. His uitimate ;
vsuggyeétion fi)r remedy, if }}iou find yourself in ihe midst of a particularly “noxious”
Hairmattén, is to light a fire fr‘om wood fuel. However, it is not ‘clear if the afﬂictéd is to
breath in thé'smoke, as an altemative to 'breathin.g 'diist ;iaﬂicleé, or if the draft iriitiated '
: “ by’the smoke cléais the"surrdundihg air. Itis interesting-to note, in the context of Lind’s
medical concerns,rélated to the Hamiattan, that modern research has made llinkbs between
dust storms and‘ in‘creésed‘ incidence of human exposure to fungi, bacteria, virus-like )

microbial species (Gorbushina et al. 2007), silicosis, and asthma.
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In 1780 J. P. Schottee published obSewatidné of the weather from 1775 through
1779 at the coétal island of St. Lewis in Senegal (16°N ‘&_16°W), with a detailed account
of the tempefature, .wind. direction, and géneral 'coﬁditions from August 1778.‘ through
“ J anuary 1779 (Schotte and Banks 1780). Like,ALih‘d, Schotte also focuses on the health
effects of environméntal conditions (e.g., hez;\fy pfecipita_tion events, wind,‘ air quality).
HoWever, S(v:}ylotte’;s account of the Hérrhattan is umque, he not.esv'that during vthe months
of Februaryb through June, easterly winds dﬁen appear hazy and are assoCiated with warm
temperature ahomalies. Schotte speculatés that intense solar 'heating in the interior of the | v
’ continént intensiﬁés thé easterly winds, Wﬁich then mobilize dust into the atmésphere.‘ .
Schotte pr(>:vi(>ies"an account of a dust storm ovef the Gambia River and noted the
: diffefénce in color between- the ‘ldcal soils and the ‘suspe‘nded dﬁst, which decreésed
:visibility to 20 yards. S;:hétte also provides an accounf of being onbbard a ship during a‘
| dust'outbfeak, |
.. “The same thing I observéd at séa from on board of a‘ vessel in the month
of March 1885, at the distance of about for or five leagues from the land
near the latitude of Senegal. The wind having blown East in the night, I
found in the morning the sails, shrouds, and deck, covered with an
impalpable dust.” - | | B .
Schdtte continues by providing anecdotal evidence suggesting that the Harmattan is |
aqcompanied by a ve;’y dry air masé, including descript‘ion‘o'f a method for cooling water
used by the iocal indigehdus population during th§: dry-air outbreai(sz. Schotte does not |

‘concur with the observations of Lind, that the Harmattan poses a serious health risk.

2 This consisted of placing water in a leather container, which is then hung from a tree.
As the dry air encounters the leather pouch, which has become saturated, water on the
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The British author Robert Norris traveled ‘.throughout West Aﬁica in.the late l8>th

| century and encountered Harmattan outbreaks on several occasions. An account of thesev

o f,experiences along w1th a commentary on the nature of the Harmattan vvere published in
| ‘_ 178lby_ Matthew Dobson k(Dobson'_and Fotherg1ll 1781). Norrls also pubhshed' h1s |
v"account.of the Harmattan in 1791 (Norris' 1789), but only'in terms o‘f ‘desCribing'ho.W
 these dry dust outbreaks affected local populations. Dobson’s publication'notes the
Teduction of *viSibility associated with the ‘Ha’rmattan, but does not make an explicit

| connection between dust particles as being the source of the haze. Dobson m.aybha've

been one_oi' the »ﬁ_rst to measure evaporation (Dobson 1775) using an evaporation p_an, of |

‘l12 inche_s 1n diameter. Such a pan was given to Norris by Dobson particularly for the
‘purpose of measurmg evaporatlon during a Harmattan who found that the Harmattan
1ncreas1ng evaporatlon by % to one tenth of an 1nch Dobson 1nferred that, based on‘
evaporatlon amounts and concurrent temperatures, that the annual Harmattan evaporation

vvould be 133 inches. | | |

Dobson also investigates the source of the Harmattan using imeasurernents of

wind direction taken at three locations during Harrnattan outbreaks: casterly at Capev

Verde (16°N_& 23°W), northeasterly at present day Eihana v(5°N‘& O°E),‘ and northerly at .

Cape Lopez ((l"N & 8°W). Dobson makes a simple back trajectory and interprets that the B

| ' point.where all three lines converge is a possible source reg‘ion_for the Harmattan, 15°N

& 25°E, present day-Sudan. However, a simple triangulation with modern maps would

o outer surface of the pouch evaporates cooling the leather and subsequently the water
‘contained within. _
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~ put the source region in nbrthérn Niger, an area where dust storms are known to originate |
- from (Engelataedter et al. 2006).
| In. 1833 during Darwin’s voyage on thé HMS Beagle, »the'shipencounteredﬁah
’African dust outbreakvlon the lGFh of J. anuafy near the Cape Verde islands (Darwin 1846)
Darwin nbted a fine reddish brawn dust adhéring to a wind vane on the mast of the ship, |
_ appareﬁtly filtered frdm the air by the sails, and_obsérved that during his three week stay
at the Cape Varde islahds‘t‘he wind was narthaasterly and continually hazy; witﬁ constant
precipitatiOﬁ of the fine 'duvst particles. While Darwin was 4<v:once'r,ned with microscopic
organisms contained within the dusf, he also presents the first climatolo gy of African dust |
storm activity over fhe vAtlantic. This climatology was compiled from observations of
dust. falling on ship in the Atlantic, sometimes from personai communications. For
~ example, R. B. James, who encoun’tered a dust storm onboard the HMS Spey ‘in March
1838 at 21N and 22W, sent to Charles Lyell, Darwin’s -colleague and mentor, dust -
samples QOIIected frqm the sh1p and the results of sevafal maasuremenfs inade on the
‘particles, including_ a borax test, the results of which Suggesfed the presehce of Iran
J ames 1838). While Darwin does not mention fhe results of the Borax test in this article,
- he does relate that Lyell found particles. of different colors and irregular shapes, ‘
| méasuring about 1/1000™ of a square inch.
Darvﬁn’s Atlantic dust climatology is largely baséd on published accounts, found
in diaries,’ vsc’ientiﬁ,c joui'nals, and captain’s logs (e.g., Hayward (1839), Figure 1.2), of
ships encou‘nteﬁng' dust storms. From these accounts he makes several obse,rvations‘

" about the nature of Atlantic dust outbreaks. - Firstly, based on the ‘northernmost
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~ observation ef a ship encountering a dust storm, or in ‘t‘hi,s case the eppearance ‘ef ‘vthe‘
femnents of ‘av dust storm evidenced by discelered water, which is 28°N, and the
southernmost observation of precipitating mineral aerosols, .1.0°N; Darwin cehcludes that
>dust outbreaks froni Africa cen spari about. 1600 mile_sle}f letitude.._ Secondly, ‘based on the
westemlﬁost observation of suspended dest, which 1s at 35°W at a 1atitude roughly
' matching Cape Verde, the storms can alse span 1030 miles. ef lohgitude. Thl;rdly,‘ that all
encounters with '5 dust storms occur' When the wind difectien is northeasteﬂy or
‘s_eutheasterly. And lastly, that the season of these stoﬁns i'sv-Jvanué.ry through April.
Recently, dust eamples that were taken by Darwin while enboérd the Beagle; were -
analyzed and fouﬁd to contain cultivable bacteria and fungi (Gorbushina et al. 2007).

The textbook Introductzon to Meteorology (Thomson 1849) glves an excellent .
‘summary of various types of dust storms. Although the text does focus on over land dust
storm activity, there is a brief description of the 'Har_mattan. Here the Harmattan is
described as a dry and dust kladerll wind blowing from the interior ‘of West Africa and eut
over the Atlantic, >primari1y during the months of December through February, has a
duration of three to 15 days,. and occurs three or fouf times in a season (I note that the
source of the information is not clear). Thom‘son also notes the following report of ‘an~
encounter with the Harmattan while at sea.

“Jackson, in N. lat. 30° and long. 10°30’, collected when twenty leagues

- from land, a wine-glassful of sand which had fallen upon deck after
~ having been borne on the wind from Africa.”

Several other accounts of dust over the Atlantic are published e_econd half of the

19% century. (Ehi‘enberg' 1863; Tchihatchef 1883). However, most notable among these is-
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a paper by Hellman’(1878) who published what was at that time the rnost deté.iled
: climatoiogy of Atlantic dust storm activity, based on ship 'ob'servations. This work élso -
'included the first pulilished map the locaticns of the ships’,cncountefs with the dust, and
wind i)arbs-'desctibing the wind direction éit‘ the time of _.the event. 'fhe ship observations
extcnd well into the northern tropical Atlantic betsin,. and __ar’c all consistent with dust
outbreaks being cdvected with the trade 'ﬂow.-(Figtirc'l.3). Tt is intercsting tonote that
until 1913 Hellman hypothesized -that thc'dust had its Origins in :Scuth America, mainly '
- basc(i on the_disconnect_between the color of the dust (reddish) and what Hellman
’ b‘elieved to bc the color of sand from the Sahara (_white), and an erroneous belief that the
| iprevailing winds over the northern tropical Atlantic were westcrly‘(Ward 1914).

As science .entcrcd the modern era, stuciy of dust storms over the‘ Atlantic also
focused on the composition of the aerosols ,_(Radczcwski 1839; Game 1964). However,
nothing servcd to .further understanding of the meteorclogyAtlantic dust‘ storms imore
than. 1) the dawn of the era of rneteorological satellites (Prospero et al. 1970) and 2) the
creation of an aerosol sampling station at tne castemmost cdge of the Caribbean (Dclany
et al. 1967). Prospero betalv. (1970) 1ise both data'frovm the dust samnling site in Barbados
and satellite imagery to make a detailed study of a dust outbreak occurring in June 1967.
This paper is of snecial note since it is the tirst to provide dife'ct and conclusive evidence
for theories of Atlantic dust ttansport that had be.enA proposed over the last 300 ye‘airs.
Since then scientiﬁc publications related to Atlantic dust outbreaks havc increatsed
cxponentiaily (Kauﬂnan et al. 2005b; Stout et ai. 2_009), and there exist several excellent

review papers covering this period of time (e.g., Engelstaedter et al. (2006)).
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1.3 Investigation of dust cooling the Atlantic |
Miller and Tegen (1998) coupled an atmospheric general clrculatlon model that
mcluded a seasonal cycle of global dust to a slab ocean in order to determme the coupled
ocean atmosphere response to mlneral aerosols. Therr:results suggested that dust does
not st‘r_ongly impact the"s,urface, radiation. budget - of SS’l“”a'cross the northem ‘tropical
Atlantic.q However, they xalso concede that the ofﬂine tracer-transport m‘o‘del used to“‘
' generate dust loa'ding‘s‘ underestimate the westward extent of mineral aerosols from West
Africa ‘Miller' (2004) used an improved modelfor the simulation of Atlantic dust cover
to show strong negative radiative forclng due to the presence of dust.
Yoshioka et al. (2007) used the NCAR CCSM ATM model with prognostic dust to
mvestigate the cllmate response to mmeral aerosols The dust opt1ca1 propertles of
‘. Yoshioka et al. (2007) differ from those in Miller et al. (2004) in that the dust is less
absorbmg in the shortwave, consistent with findings of Highwood (Highwood et al. 2003)
and Myhre et al. ‘(2()'03’), and therefore the output from their modeling study shovred a
vst‘rong dust surface forcing across the northern .tropical Atlantic, with Values here on the
order of lOWm Furthermore tlus forcmg resulted in a tropical North Atlantlc coollng
of SST that is on the order of -0.5°C.
More recently satelhte data has been employed to provide empirical evidence for
: _this ’effectt SchOlaert and Merril (1998) showed that dust could have a non-negligible -
impact of local SST by modeling the instantaneous change in mixed layer temperatures
due to dust, and off the coast of West Aﬁ'ica, by using satellite retrievals of aerosol‘

optical thickness (AOT) in conjunction with a simple parameterization for the all-sky
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forcing as a function of AOT. Lau and Kim (2007a; 20075) detnonstrated' a lagged
| correlation between microwave SST and a satellite-based. aerosol index (OMI) over the
western half of the tropical northern Atlantic, ‘withb dust leading ’.SST,‘ for the month of
July during.2005 and 2006. Evan (2007) argued that the 1.2K cqoling; between 2005 and
2006, purported to be due to the‘ increases in dust by Lau and Kim was an order of
- magnitude too large - - | |
» Foltz and McPhaden (2008a) used a multldecadal aerosol optlcal th1ckness time |
series from TOMS to show a strong correlatlon between AOT and changes in northern
trop1ca1-At1ant1c SST, suggestmg that 35% of the mterannual variability in SST is related_
to changes in dust cover. ,Eyan et al. (2008) forced a shortwaveﬂ rariiative transfer model
with 25 years of AOT estirnates' from the AVHRR to demonstrate that at least 33% of the
recent upward trend in eastern tropic’al North Atlantic SST Was forced by the downward
trend in local ‘vdust cover over the sanle tirne. Foltz and McPhaden (2008b) again nsed
:AOT data from TOMS and a parameterized.d_ust forcing: efﬁciency to show’ that if let
unbalanced, the ‘decrease in dust cover over the last 25 .yvears would result in a 3°C
increase in the temperature of the mixed layer. - |
' While‘ these» observational . studies are instructive, none provide a thorough
treatment of bothx the radiative perturbations due to dust and stratospheric aerosols
associated with major volcanic events, and the integrated ocean mixed layer response to
that forcing. Therefore, the question of how important local changes in aerosols are in

shaping observed northern tropical Atlantic SST rernain unanswered.
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Figilre 1.1 The Tabula Rogeriana (Roger’s Map) of Muhammad al-Idrisi (1154). ;
Note the orientation of the roman numerals on the image (previous page), suggesting a
south-to-north vertical orientation and a east to west horizontal one. Image downloaded

at http://upload.wikimedia. org/w1k1ped1a/commons/d/d3/Tabu1aRoger1ana Jpg, and last -

accessed on March 6, 2009.
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Figure 1.2 Account of ship’s encounter with the Harmattan. Copy of the published
account from Capt. J. W. Hayward, of the ship Brig Garland encountering a dust storm
while in the northern tropical Atlantic during February 1839. Reprinted from Hayward
(1839).
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QuickTime™ and a
decompressor
are needed to see this picture.

Figure 1.3 Climatology of the Harmattan based on ship observations. Map of ships’
observations of dust storms including wind directions, reprinted from Hellman (1878).
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2 Aerosol Surface Forcing

2.1 Satellite based estimates of Atlantic dust cover |
My nearly 30-year record of monthly dust storm activity is derived from aerosol

- optical thic!cnéss (AOT) retrievals made By the long-term Advancéd Vefy ngh |
Resolution Radiometer >(AVHRR) (Stowe evt‘al. 1997). AVHRR 5-chafme1 iﬁlagers have

- flown 6n the National "Oc.:eanographi_c and Afmospheric ‘Administration seﬁes polar
vorbi.ting satellites since October of 1981 and pfo?ide one .to‘ three daily daytime
»db's'e:rvaiiorvls of nearly every point on the globe at a 4km nadir resolution. AVHRR
satellite prééessing is doné ‘within the Pathfinder Atmospheres Extended (PATMOSX)
project’, the follow on to the original Pathfinder Atmosphereseffort ‘(Jacobo‘wit_z et al.
‘2003).' It is common thét'cloud detectibn algorithms misclassify optically thick dust
lstorms' as meteorologibal clouds, lead_ihg to AOT statiStics that do not include the
strongest stonné (EQan ef al. 2006). waéver, implementdtion‘ of a dust detection
algorithrh within PATMOSx does increase accuracy of monthly :rﬁean AOT statistics, and
direct comparisohs to dust optical depth data from the Aerdsol Robétic Network at cdstal

sites shows excellent agreement (Evan et al. 2006).

I

I derive a dusvtvoptical thickness :p_roduct ina manhér similér to that of EVan etal,

' (20'08)', wifh some modest. improvements. Starting‘ with monthly’n‘lean AOT valu,es'
(Stowé et al. 1997), I subtract éstimations _of. stratospheric aerosols associated wit'hv
volcanic eruptions (Sato et> al. 1993) in order‘to create a data set of v AOT that -‘is not

influenced by stratospheric H,SO4 associated with the eruptions of Mt. Pinatubo and El

> PATMOSx data are available at http://cimss.'ssec.wisc.edu/patmdsx/ .
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| Chich(’m4 Although HzSO4 lei/els are per81stent throughout the record their levels are

. generally not h1gh enough to have a radiative impact in my analy81s Sincc long-lived
H2SO4 associated w1th«these’ major eruptions is found W1th1n the stratosphere,, L refer‘to‘

‘ the aerosol opti'cal depth of these aerosols as the stratospheric- aerosol 'opticaldepth
:(SAOD) Next I remove from thlS processed AOT data. an estimatlon of the sea salt
lcontnbutlon to the total aerosol signal (0.05) (Kaufman et al 2005b) F1nally, using a_ |

| »monthly climatology of dust fractlon from the AVHRR dust detection algorithm (Evan et
- .al. 2006), 1 set to ze_ro | any residual AOT values 1n regions whuerel did not detecvt the
presene'e' of mineral aerosols. This final step” is uSeful _in’remOVing the impaot of either -
| anthropogenio acrosols, or aerosols associated with biomass burnlng (Johnson' et xal."
2008a' Johnson et al. 2008h) from my analysis 1 considerthe remaining AOT values to

be a dust aerosol optical depth (DAOD) In regions where there is a mix of both smoke

| from blomass bummg and dust it'is poss1ble that my DAOD values may be too 11beral
\‘However this mix of both dust and smoke is generally found over the Gulf of Gulnea

- dunngthe boreal winter months (Husar et al. 1997; de Graaf et al. 2006; Evan et al.

2006), which is outside the region of my analysis. o

Figure 2.1 is a climatological map of this AVHRR satellite derived DAOD for the

“ 'v'.pve‘riod of 1982-2007. Here, rthe: highest DAOD values are‘_f_ound off the ,.coast of West
Africa, largely between‘ the latitudes of 10°-20°N, and extending Westward to roughly »‘

30°W longitude. Additionally, DA}OD‘ Values greater than 0.1 are found from 05-30°N :

4 stratospheric aerosol optioal depth data are available at
http ://data..giss.nasa. gov/modelforce/ strataer/ .
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and F'15°W to ~neér1y 60°W; This épatial pattern‘ of dust strongly‘ reflects thé bofeal
suI‘nmertiIﬁe acﬁvity, fhe' peak season of dust étorms abtivity, and essentially follows the
| ‘t'rade flow across the tropical Atla;ntic.rr Tﬁis picture of climatological DAOD appears to
agréekvwc;,ll w1th receht model-based estimated (Yos_hi(')kaf et» al 2007), although DAOD
vélﬁes from the model af)pear th be slightly larger my satellife'—based estimates.‘ A
A time serieS»of dust optical d}epthv(Fi"gﬁr'e 2;2) -shoWs tﬁat monthly mean DAOD
values have ranged from more than 0,3 i:o néérly 0 from 119_.82~2v007. Peaks in activity
.decur in 1984, 1985, and 1991, while monthly ﬁiinilvnum's‘are seeﬁ in 1994 and 1995. ) It‘ :
is poss_iblei that the minimums during these years are rélated to satellite artefacts, namely
-a reduction 1n the nuinbef of retrievals owing to higher solar zenith angles associated with .
sate'llite' drift. HoWévér, setting these two'minirﬁum valués to missing and féplacing them
with climatological ‘vallues’ does not noﬁceably chat‘ige. my bﬁnal results. Thebseasonall :
cycle in for tropical North Atlanytié dust cover is néaﬂy bi-modal (P“igure” 2.3), with the,’
maximum in dust cover (during J une—j ﬁly, and a smallér‘ relative inaXimum during March.
TheA:r minimum in activity occurs in No\'zembgr,‘ with a less prohouhced rélative minimum
in May. The»'grey crossé.s in vFigur,e 2.3 represent all dust ;/alucsv rccorded during the
month, and the error bars are the standard error of the estimations of the clim'atolégié_al'
means (?restpn | 1991), calculated by dividing the standard‘ devié.tion of the monthly
values by the sq’uarve. root of one minus fhe huinber‘ of mohthly values. The monthly
v values in f‘iguré 23 dembnstrate' that su@ertifné dust loadings are not always stronger -
than wintertime values, althqugh statistically speaking the én_'or bars' for Jﬁne and July

suggest that the summer months being‘ the climatological maximum of dust activity is
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robust. Furthermore, the minimum in activity seen during Octoher%Deeember app‘ear_s tov
be persistent throughout my reeord; o ‘

-‘ In order to explore the interannual ifariability in tropical North Atlantic dust cover I
smoothed the monthly' dust time series with two recursive 13-month running mean filters
(Figure 2;2). Here, maxint@s and minjmums in-dust activity OCCurred around v1985',and :
2005 which are :superimposed over a general doanard trend in dust cover. over the

v record Although to~date no. study has exphcltly assigned causallty to thls 1nterannua1
vvanabrhty in Atlantrc dust cover, it has been shown that during both the summer:
(Prospero and: Lamb 2003) and winter seasons (Evan et al. 2()06) year-to-year changesin ,
dust cover are related to variations in previous-year Sahelian precipitation, and that
wintertime dust production is strongly related to the strenbgthb of ‘the North Atlantic
Oscillation (Moulin et al. 1997), and to a lesser extent thebEl Nifio / ‘Southem Oscillation
| (Evan et al. 2006). The grey line in Figure 2.2 is or‘ stratospheric -aerosols tSato et al. |
1993) resulting from the eruptions of El Chichén’ in 1_982, and Mt. Pinatubo 1n 1991.
2.2 Calculatlon of the Aerosol Surface Forcing
Spectrally resolved values of the dust and HZSO4 single scatter albedo, asymmetry
‘ parameter and extinction coefﬁc1ent across the solar and longwave parts of the spectrum
are needed in order to estlmate aerosol surface radlatlve forcmg with satellite retnevals of
optical thickness. Although mineral aerosol optical nropertles 'vary strongly from one
~ source region to another I use estlmatlons of dust optlcal propertles that have been |
| generated from aerosol observatlons off the coast of West Africa (Myhre et al. 2003), and

- optical properties for sulfuric acid are from the AEROMIE model (Tsay and Stephens
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- 199_0), including éihgle scatter albedo, asymmetry pe’xrame‘ter3 and 'coefﬁc‘ients of
v éxtinétion, where the eXtinctibn is scaled to have émaximum value of one (Figure 2.4). | "

Light '.ext‘inc_tion by dust is dominated by foﬁard ‘ scéttteﬁhg in the solar and
absorption in the ldngwave, buf exﬁnction in 'the‘solar- part of the spectrum. is an order of |
magﬁitude sfronger than fhat in the long;avave (Figure 2.4), and light extinction by H2SO4v

is dohiinatéd' by s_cattering (F igﬁré 2.4); Although the siﬁglé ééatter albedo of H,SOq falls
off unity at wévelengt_hs greater than one r_niérdn, here the eXtinctiori coefficient is more
‘thén two Ordefs of m.agnitlvldev weaker than it is at, for éXample, 200nrh (Figure 2.4).
Considering'that in my analysis the optical depth of stratospheric aerosols is never g‘fea‘ter :
lthan’ 0.3, I treat these aérosols as pﬁrely scattéring in this anélysis; (¢. g., I do not consider
ppssible absbrption of solar or 1oﬁgwave i'adiation).

To 'calculate the aerosol surface _'solar,for‘cingll use a two-streafn radiative ‘trbansfer :
model (Meador and Weaver 1980) resolved at thé nanometer scale to determine solar
radiation at all sblar zenith angles fof any combination of d'ustl and stratoSpheric acroéol
loadings. Dust and stratospheric. aerosol optical depths, WhiCh aré availabie for ohe solar
wavelength only, are exfended across the sdlar spectrum by linearly écaling the rétn'eved
values us‘ing their respecti\?e coefficients éf extinction "(Figuvre 2.4). Mineral and |
jsti'atosphe‘ric aerosol 6pfica1 properties are all transformed with delta scaling in order to
better model forwérd scaﬁeﬁng (Joseph et al. v1976). | |

 With régard to solar radiation, I model the atmosphere,a‘s containing a well mixed '
abéorbing CO; and 02 layer, a str_'atospheric' 0; la_yer; trop‘qspheﬁc and Strafospheric

aerosol layers, and a Rayleigh layer that both absorbs and scatters solar radiation. For
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simplicity of calculation I combine the optical properties of the stratospheric aerosol and

”Rayleigh layers- where the comb-i’ned optiCal .depth‘ is the sum of the Rayleigh and

stratospheric optlcal depths, and the comblned single scatter albedo and asymmetry .

: parameters are an average of the Ray1e1gh and stratospherlc propertles welghted by the1r

| respectlve scattering opt1ca1 depths I allow for multiplescattermgr w1th1n each of these

- layers, and scattenng between the tropospherlc aerosol and a combined Rayleigh and

stratosphenc aerosol layer. I assume there is no multlple scattering between the gas,
ozone, and water vapor layers.

Transmittance from the top of the atmosphere to‘ the surface is obtained by

“ summing the total dlffuse and d1rect transmittance. Direct transmlttance is deﬁned as

t.,,,—He“, e
where u is the cos1ne of the solar zenith angle Tis opt1ca1 depth, and the subscript i refers
to T for 1) a well mixed gas, 2) ozone, 3) tropospheric aeroSols (in this case _dust), 4)
water vapor and 5) combined Rayleigh and stratospheric aerosols. Diffuse transmittance
is approx1mated as the product of the dlrect transmlttance through the well-mixed gas and
’ozone diffuse water vapor transmlttance and multlple scattermg between the
| tropospheric aerosol and combined Rayleigh and stratospheric aerosol layers. , Monthly‘
' cl1matolog1cal values of water vapor are from the NCEP reanalys1s (Kalnay et al. 1996)°.

' Cloud-free sky aerosol forcmg is determmed by subtractmg surface clear-sky (no

aerosols) solar radlatlon values from those calculated with non-zero values of mineral,

° NCEP Reanalysis data avallable at
~ http://'www.cdc. noaa. gov/data/reanalys1s/reanalys1s shtml.
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stratospheric, or rriiner_al and stratospheric aer_osol Optical'th_i_cknes_s. Figure 2.5 contains -

| plots of the surface forcing as a function of 7 (cosine of tile solar zenith arigle) for Varioas |

| (iust and stratospheric aerosol optical depths. In the dust case, even at _anoptical depth of -
: ‘0,2, the surface forcing is 10 tob30W./m2v for u values ”greater thari 0.‘1_, corresponding”t'o: a

lsolar zenith angle of about 84°. Although monthly mean Values of riust optical thickness -

- of 1.0 and higher are not a 'frequent fe_ature- of the _tropical North Atlantic, they are riot

uncornmon_near»the coast of West Africa. In‘these~cases, atvvalues of u equal.to one

(conesponding to the sun being directly. ovfer}iead), the surface forcing is very strong,

rariging from 100 to 400W/mé. Stratospheric. aerosol amounts over- the tropical North

Atlantic do not exceed values of 0.3 (Sato et al. 1993), but per umt optical' thicknessv' :
H,SO4 has a stronger radiative impact than does dust. For example, for an optical
thickness of 0.2 at u 'equa'I to one, the dust surface forcingvis ‘abou't 25W/rn2 and the -
sulﬁiric acid forcing is alrrlost double that at 40W/mé. Additionally, in my analysis dust
anrl stratospheric optical deptli \ralue_s _range from 0.0 to 3.0 and 0.0 to 0.3, respectively.
Over these ranges of vallies the combined surface forcing from the two aerosol types is
roughiy linear, except at extremely high solar zenith angles, where surface forcing per

unit dust optical depth is stronger than low stratospheric optical depth values (F igure 2.6). |

| ' One validation of this simple two-stream model is made by. comparing my forcing =

| values with those generated by STREAMER6 (Key and SchWeiger 1998). Contour plots

of i'orcing as a function of u and DAOD for my model and STREAMER, and with SAOI-)‘ ‘

equal to zero (Figure 2;7) and 0.2 (Figure 2.8), show very similar results, with the

-6 STREAMER’,can be downloaded at http:/stratus.ssec.wisc.edw/streamer/streamer.html.
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difference_ between the tvim inboth cases “being negligible for DAOD values below 0.‘5.‘
At high Values of ,u’and»-»DAt)D the forcing calculations_ fromSTREAME_R are on the |
‘ order’of 10 W/m? higher_; than ours, with vm'axirlnum's 1n the differences of about 25 W/mZ. '
The plots’ in Figure '2.7 and Figure*2.8’ suggest that my forcing calculationsr may be |
conservatlve but it is also poss1ble that the STREAMER values are too strong, espemally :
since my s1mple model has a more that 100 times higher spectral resolutlon than does
STREAMER These drfferences are con31dered further in the next sectron of thrs chapter
when comparisons of the shortwave models to observatlon are made '
, Longwaye dust rad1at1ve transfer calculatlons are performed solely w1thin
STREAMER (Key and Schwelger 1998) In general dust longwave forcing is an order
of magmtudeaWeaker than that in the shortwave; for a dust optical depth of 3.0 the solar
forcing can be as hlghas ‘400W/m2 (Figure'.2v.5), while' thelongw‘aye forcing 1s just under |
12W/m2 (Figure 2.9). It is worth noting that, at least during the summer months Atlantic
dust outbreaks are accompamed by a mrd—layer dry air anomaly Recently Dumon et al.

- (Dunion and Marron 2008) demonstrated that the atmospheric profiles. of temperature
and humidity.across the tropical North Atlantic and Caribbean were bimodal; a moist
tropical environment, and a more stable' and dry one associated with'African dust '
outbreaks The reduced column water 'vapor durmg the dust or Saharan Air Layer ‘
(SAL) outbreaks will also alter surface rad1at10n budgets (Figure 2. 10) |

I calculate the water vapor for'cing of the SAL by subtracting an estimate of the
‘ surface longwave+sh0rtwave radiation for a typical SAL moisture and temperature

| nroﬁle ‘minusthat‘ for a moist non-SAL proﬁle (Dunion and 'Marron- 2008). I also
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calci:ulaf.elgthe’ surfac¢ forcing for a‘“% -SAL” case, there the moisture and temperature
profiles are takeﬁ to be the >average of the'SAL and nbn-SAL estimates. I estvima.tted‘the
forcing over fhe.course of a day by making hourly calculations for soléf ;mgles typical for
th»eymontbh Qf Jupé ét‘ISN latitude.. For both the SAL and %2 SAL cases there is a net
ne_:gaﬁve’fqrciri.g of 519W/m21 and -5W/m?, respective}y, fhroughqut the day (Fig‘ufe 2.10).
While ;':tbhe net negative longwavé water vapor forcing is ‘const'ant- thrdughout the day,
“there is a diurnal ’cycle vto :'the positive shbr_twave}b' water vapor ‘forci'ng. During the
' daylight hours there is less atténuation of solar radiétioq by water vapbr for the two SAL ‘
_ cases. The_reforé, the range‘.(v)f forcmg values is -2‘ to -6W/m? for the % SAL case, and‘ -4
to -12Wr/m2 for the SAL case (Figure 2.10). |
The reduction in water vapor associated w1th a dust outbréak results in a négative‘
- surface forcing that is larger in mégnitude thaﬁ the longwave‘f)ositive surfaée forcing
associated with thev dust aérosols, for opti‘cal depth vélués of two or less (not shdwn).
Hdwe{zei’, th¢ SAL and ﬂdn—SAL proﬁlcs (Duni.oﬁ»and Marfon 2008) are oﬂiy forA}
sﬁmrﬁertiine cases, and therefo‘re I:cannof assume these samé‘_-reductions in water vapor
during the entire year. Additionally,v it is likely thé.t .there; is a relationship between dust
opticai depth and the deviation of the SAL from thé hon-SAL p‘roﬁles, and thét't‘hc:a SAL
‘prOﬁleS are nbt Spatially un_iform "aclv'oss the basiﬁ.' Thereforé, it is not prudent to,estimaté
the sur‘facé fdrcing of the SAL proﬁl¢ énémaliés thaf are associated with dust outbreaks,
ﬁntil a monfhly ‘and spatially resolved relationship bctweén 'duSt optical depth and |

atmospheric temperatﬁre and huinidity is determined. Therefore, this work makes only

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

an estimate of the surface aerosol forcing, and does not consider all of the‘ chahgevs in
v’ : surface rad1at10n assoc1ated with a SAL outbreak. |
Up to this point the surface forcing I calculate is only valid for a clear—sky
atmcsphere. Next I make the assumption that during the prcsence of clouds either 1) no
dust is:present, or 2)_ the cloucl ’radiutive fcrcing dominates over that_frorn any aercsols in
) the column. This ussumption allows us'to scele the dust forcing’ hy. the fraction of sky
' that is clear, for a given gnd cell, or one mlnus the percent cloud cover d1v1ded by 100 to
obtain the all- sky forcmg, in a manner s1m1lar to that described i 1n Evan et al. (2008) ‘In
'vthls analysis I use monthly cl1matolog1cal values of cloudiness, calculated over the penod
of 1934 through 2004, from the Interhationel Satellite Cloud Climatology ’Project
- (ISCCP) (Rossow arld Schiffer 1999)7 Total cloud cover values are availéble at three
‘hour increments, allowing for excellent samphng of the dlumal cycle. Addltlonally, by
calculatmg mean monthly chmatologlcal values of cloudmess subsequent t1me series of
~ dust surface forcing are not temporally biased by artifacts in the ISCCP data related to
changes inv satellite viewing geometry (Evan et al. 2007). Use of model-based estimates '
cf c10udiness as an alternative to ISCCP climatological values will be further explored in. ’
Chapter 5. |
Recent work has also préSented evidence suggesting a positive causal relationship
betweenmineral aerosols and -stratocumulusv clcu(lS' over the rlortherrl tropical Atlaﬁtic :
(Kaufman et al. 20(lSa). Fewer clouds in an mineral"aerosol,-free sky would serVe to

~ increase the magnitude of my estimations of dust surface forcing. However, it is difficult

7 ISCCP data are available at http://iscCp.giss.nasa.gov/. .
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to base é parameterization of i:his hypothesized effect on data from ﬁaiésive imagers alone,
since'cloud classiﬁcation algorithms are not trained to sepﬁrate dusty pixels from cloudy - ‘
ones, and vtherefore' are likely to misclassify dust-laden pixels as cloudy (Evan et al.
2006). | | | |
v The four pl(‘)tsb in Figure 2.11 demonstrate how the all-sky fo’fciné changeé when
scaléd by cloudiness;' for a particﬁlar caée, study of June 1985,. ;t roﬁghly 15;’ North
latitud_e and 27; ‘West longitude. The leftmost Vplot is of fhe average .Tuﬁe diurnal cycle of
1 (cosine of the solar zénith ahgle); the next plot to the riéht, entitled “Clear-Sky”, is my
estimate of the aerosol surface forcing for the satellite based DAOD of 1.0. Hére, duriﬁg
daylight hours, the surface forcing is dominated by the‘short\v;vave _cooling. Although
dui'ing hours when the sun 1s below thé horizon the‘ longWavé surface héating by the dust
is non—negligible (about 6w/m2),‘ thevdaytiine cooling is an order of ﬁlagllimde stronger -
and of the opposife sign, péaking at roughly -150w/m”. The next plot to the right showé :
B thé. climatbiogical ISCCP diurnal cycle of cloudiness at this locati‘on. The rightmost plot,
- entitled “All-Sky,” is the diurnal cycle of thé “Clear-Sky” forcing multiplied by‘one' |
‘I_ninus the diurnal,cycletof the “Cloud Cover” divided by 100. This is our estimate of the
~all Sky forcing. For this case the méan all sky forcing is -30W/m2; which I take to be fhe' |
mean monthly forcing since the DAOD 'valﬁe isalsoa mohihly ﬁem. |
' Figﬁre, 2.12 is a map of the mean total (IR) cloud: arﬁounts fromrthe ISCCP record
. over the period of 1984—2604. Cloud co{'er is most pefsiQtent close to the equator,
| reﬁecting the locétion of the Intertfoﬁical Convergence ane V(ITCZV),v and is less SO

further north, consistent with the dcscending branch of the Hadléy _Cellf Additionally?
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' cloudlness values are hlgher towards the center of the troplcal North Atlantlc ‘basin

(roughly 25-60 W) and are reduced closer to West Afrlca and the American contment ‘_

(not shown) Th1s spatlal pattern of cloudlness w1ll be reﬂected in the maps of aerosol .

: surface fOrcmg that I'will present later in this chap_,tg_r, :
2.3 Comparisoh' of shortwave model with observations -
' Validation»"of the shortwave model is done hy makin‘g comparisons - against

v shipbOard’ "'rneasurernents of downwelling shor_twave 'radiation at ‘the‘ surface in the |

troplcal Northern A_tlantic.‘ ‘Solar doWnWelling ﬂux,-'as measured by a pyranorneter, a’nd:_

“aerosol optical depth, as’measured by -a sun photometer, from two cruises off the coast of

West Africa are available for this comparisons. These observ‘ations were made onbo_ard ,

the German research vesvsel Polarstern during November 2007 and May 2008v (Figure
- 2.13)9; Here I compare observed flux with tWo-stream and STREAMER model output,

based on the instantaneous obSérved 'solar zenith angle, total column water vapor, and

aerosol optical thickness. Scatterplots.of the observed and modelled surface downwelling

solar ﬂux" show' excellent agreement between both the two-stream tmodel and

STREAMER and observations, for both cruises (Flgure 2.14). 1t is likely that the causes

of strong dlsagreement most pronounced during the second cruise, result from i 1mproper -

' cloud screemng, although further testlng is needed to verlfy this hypothes1s The b1as in
the comparlsons w1th STREAMER are more pronounced than those with the two-stream A

model, where the STREAMER fluxes appear to be weaker in magmtude,(Flgure 2.14), |

8 Used were a Mlcrotops sun photometer and aKlpp & Zonen CM21 pyranometer.
® Data made available by Andreas Macke from IfM- GEomar n K1el and Stefan Kinne
from the MPI for Meteorology in Hamburg. :

/
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>'corroborating the ﬁndings in my earlier comparisons between the two models .(Figure

- 2.7); that STREAMER fluxes are more sensitivé to aerdéol fdrcing, sugges_tirig that the
tWo-str'eam model is more accurat¢ in this applicatipn. - |

| " I have also plotted the’two.—stream model aﬁd STREAMER bias as a funé_tion‘of Y7

| V(F.»igu‘re 2.15) and aérosoi éptical depth'(Figﬁre,2.16). In both of these cases th¢re isnota

clearb'bi.as dependence on either the opti;:al 'depth n(‘)‘r‘the solar Zenith ‘angle.‘ Funhémoré, v’

from these ploté it is easier to see that the bias is strongcr for the Nbvembér cruise than it

s for the May one. A plausible reason_fof this diéconﬁ_ect is that the dust from the

B ivNovembe'r case is from a source region with sli.ghtly‘differéﬁt mineral ahd thefef,ore ,

opﬁcal properties than the dust for the May case, and tﬁét tl.le"optical properties from the

May dust are more similar to those assumed in our model. v

2.4 Satellite climatology of surface forcing by mineral aerosols
In order to estimate the change in radiation at the surface by dust over the course -

; ' of th.ev'AQVHRR record I calculate the forcing at éach PATMOSx %° grid cell with my"
monthly vrivlea'n DAOD vaiues. This is écconipliéhed by subtractiﬁg, at each celi, a tirﬁe |
series of the surface radiation wifh DAOD set to zerb, from a time series of the surface
radiation with DAOD valueé rcﬂect'ecii»vby my‘sate'lli‘tei estimates. AQerageci over the
‘northern tropicél Atlantic dust forcing has an anhual 'cyqlc (Flgure 2.17) around the mean
forcing of -4W/m? that reﬂeéts,_the seésonality of West Afrlcan ‘dust outbreaks, with
_péaks in activity during the bpreai winter and summef (Figure 2.3), and a minimum in the N

" magnitude of forcing in Ndvefnber.. That mineral éefoéo_l forcing so closély follows 'thfe

DAOD is not surprising since the forcing is instantaneous. The 27 'yéar time series of

I;’
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'. monthly forcing values also averaged over the‘northem tropical Atlantic (Figure 2.17) '
: shows that the annual peak in the magmtude of dust forcmg has gornie from the maximum -
in 1985 of nearly lOW/m to the minimum of 6W/m in 2005 Addltlonally, annually
| averaged dust forcmg has decllned by about 2W/m over the course of the AVHRR ‘
record, wlth the strongest and weakest forcmg also obs‘erved durmg 1985 and 2005,
respect'ively. | o | | | -
v‘ Using the monthly Values of SAOD I also calculate a time series of stratospheric
L aerosol forcmg Although the relatlonshlp between dust and H2804 forclng is nearly
- linear (Flgure 2. 6) here I subtract a series s of the surface radlation w1th SAOD set to zero
and DAOD equal to the annual cycle, from a series of surface radlatlon forced only by
-the DAOD annual cycle SAOD surface forclng is non-zero only for H2$O4 plumes that
are assoc1ated w1th the volcanic eruptlons of El Chlchon in 1982 and Mt Pinatubo 1n‘
1991 (Figure 2. 18) With each volcamc event, the surface forcmg decays to zero roughly
three years aﬂer the erupt1on. I calculate that averaged over ,the north troplcal Atlantlc,.
SAOD assO'ciated with El Chich()n and Mt. Pinatubo result in surface forcing maximums
(1n magmtude) of -7W/m and 5W/m respectively. Furthermore the magmtude of the
SAOD forcmg (F1gure 2 18) dur1ng the peak of each volcanlc event is s1m11ar in
magnltude to the mean of DAOD forcmg over the course of the -satelhte record (Flgure
,2.1'7); - | |
o To estimate the combined surface forcing from mineral and stratospheric aerosols, -
I subtract_calculated surface radiation for an aerosol-free sky from calculated surface,

' radiation that reflects my values of DAOD and SAOD, at each grid cell. ,This time series
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| of the conibined DAOD and SAOD forcing (Figure 2.19) is almost a superposition of the | |
individual forcing series (Figure 2.17 and Figﬁre 2.18)‘. The monthly timé series of |
aer'-osoly forcing vsh‘ows the stfong annﬁal cycle of the dust forcing, dnd the smoothed time
’series‘sdes the reiative maximurﬁs in the magnitlide of surf#ce forcing oc_cﬁrriﬁg at the.
begihning of the_‘ récoi'd in 1983, énd then 1n _1992 (Figurre'l2.19).A Hdwever, since",tﬁe
DAOD forcing was the étrongést from thé period‘of 1982~1986 (Figure 2.17), "this‘pe‘ak -
| in fbrcing for the mineral and Stratospheric_: aeroéo] case (Figui'e 2.1 9) does not fall off as
_sfrongly as does the sﬁatospheﬁé only one (Figure 2.18). Th1s smoéthéd series shoWs a.
‘range of 5W/m2, with the strongest and Weakesf forcing for occurring in 1983'(—9W/m2) |
and 2005 (-4W/m2), respectively. Additionally, _thé time series ‘of annual forcing
maximums (in magnif_ude) has a peék (of nearly -15W/m? in 1982, and a minimum of -
6W/m? ‘in 2005, almost equivalent fo the‘ séries mean value Of, -5W/m2,',and_ reflects a
forcing range df 9W/m2v. | | |
- “The spa'tial._distributvion of the climatologlica_lr forcing (Figure 2.20), va mean ovér
‘fall‘a‘.vailable_ months, is very simiiar to that of the DAOD (Figuré 2.1),' reflecting strongly
the position of file summertime m_axiinums in dust loading, but is also modulated by
cloud cover variability (Figure 2.12). - The strongest forcing vaiues' -are' fo_und clos¢ to
© West Aﬁ'ica, anbd’betweenv thé latitudcs' of 10 and‘20°N. These lérge values, which are B
less than -1owmi2, bécomé Wéaker to the‘vs}est, roughly falling off at a rate of about -
2.5W/r‘n,2 per degree longitude. Forciﬁg is almost zero within about‘5° laﬁtude of the

equator, and near the northernmost extent of my domain at 3ON

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

Since I use climatological monthly values of 'cloudiness_ for this study, it is possible
" » tl1at I do. not capture variability in surface forcing that is only associated With changes 1n ‘
cloudmess Observatlons of cloud cover from PATMOSX are tw1ce dally from the penod -
~of 1982 through 1995 and four tlmes da11y aﬂerwards Whlle I have yet ,.touncover
temporal art1facts‘ 1n PATMOS-X_, a sampllng of tw1ce dally 1s .:not s_ufﬁcient to describe
- -the diurnal -cycle of clouds._ Therefore, to determlne if year-to_-year changes in cloudiness
play a non-negllgible role is deterrnining changes 1n aerosol fo'rcinng also ran my forcing ,
analysis using_ NCEP Reanalysis (Kalnay et al. 1996_) total cloud cOver, which hasv a four
times daily sampling. My resultant time series of the a_ero'so_l :forcing was little .changedv_
- using 'thev reanalysis data, which may not be entirely surprising since. aerosols are oﬂen
found in regions with low (1n percentage) cloud cover. ’I‘herefore in the remamder of
. th1s work I opt to use cloud dlurnal cycles that are calculated from ISCCP data s1nce the

diurnal sampling is better than that from the model data.
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2.5 Figures

0.05 0.1 0.2 0.3
Climatological Dust Optical Thickness

Figure 2.1. Climatological map of Dust Aerosol Optical Depth (DAOD). Here,
DAOD values are based on AVHRR AOT retrievals for the period of 19822007, and are
only present over water. ' -
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Figure 2.2, Monthly time series of DAOD and SAOD averaged over the tropical

- North Atlantic (0-30N & 15-65W). The thin black line is the monthly time series of
- DAOD, and the thick black line is a smoothed version of the monthly data. The thick -
_grey line, with peaks starting in 1982 and 1991, is a smoothed monthly time series of -
SAQOD. ' ’ L : :
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Figure 2.3. Seasonal cycle of DAOD. The black line is the monthly seasonal cycle of
DAOD averaged over the tropical North Atlantic (0-30N & 15-65W) for the period of
11982-2007. The error bars represent the standard error on the estimation of the mean
monthly values. The grey crosses are plots of the individual monthly mean values for all -

years in the analysis.
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Dust Optical Properties

H2504 Optical Properties
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Figure 2.4. Optical properties of mineral and stratospheric aerosols. Both plots show
the aerosol single scatter albedo (dashed line), asymmetry parameter (dash-dotted line),
and extinction coefficient (solid line, scaled to unity at 650nm) for dust (left) and H,SO4
(right). These optical properties are used in my radiative transfer modeling efforts to
estimate the aerosol surface forcing. All values are plotted on a log x and y axis.
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Flgure 2, 5 Calculatlons of the surface solar forcing. Figure 5a shows the surface solar
forcing for various values of dust optical thickness as a function of mu. Optical thickness
values are noted on the right-hand side of the line denoting their respective forcing
values. The description for Figure 5b is the same except for the stratospheric aerosol
case. : - :
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Figure 2.6. Surface solar forcing for both dust and stratospheric aerosols. All -
forcing calculations for panel A are for mu equals 0.2, and forcmg calculations in panel B
are for mu equal to one. ' »
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Figure 2.7 Comparison of shortwave surface forcing from Streamer and the simple
model described here. Shown are Streamer estimates (left panel), those from our simple
model (center panel), and the difference, or forcing from our simple model minus those

from Streamer (right panel). Forcing is shown as a function of p and DAOD, with
SAQOD equal to zero. v '
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'Figure 2.9. Surface longwave forcing by mineral aerosols. Forcing calculations as a

function of dust optical depth made using the STREAMER radiative transfer model.
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Figure 2.10. Surface longwave and shortwave water vapor forcing by the SAL.
Forcing calculations as a function of dust optical depth made using the STREAMER
radiative transfer model.
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Figure 2.11. Diurnal plots of mu, clear-sky dust surface forcing, cloud cover, and the -

- all-sky dust surface forcing for June 1985 at 15° N & 27° W (DAOD of 1.0). The plot
furthest to the left is the diurnal cycle of mu, the center-left plot is the clear-sky dust
surface forcing, the center-right plot is cloud cover, and the nghtmost plot is the all-sky
dust surface forcing.
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_ Flgure 2.12. Mean total cloudiness for the perlod of 1984-2004. Data are IR total
cloud amounts from ISCCP.
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Figure 2.13 Map of ship tracks and times for the days when comparisons between
my model and observations are made. Track number one starts on November 7™ 2007,
and track number 2 starts on May 6™ 2008.
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" Figure 2.14 Scatterplots of comparisons between modeled and observed surface
solar downwelling flux. The top plots are made using data from the first ship track
(November 2007), and the bottom plots are made using data from the second one (May
2008). The modeled flux from the plots on the left is output from my simple two-stream
model, and the modeled flux on the right is output from STREAMER.
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Figure 2. 15 Scatterplots of the bias between inodeled and observed surface
downwelling solar flux, as a function of the cosine of the solar zenith amgle.
Otherwise, description is the same as for Flgure 2.14. '
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Figure 2.16 Scatterplots of the bias between modeled and observed surface
downwelling solar flux, as a function of observed aerosol optical thickness at S00nm.
Otherwise, description is the same as for Figure 2.14.
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Figure 2.17. Annual cycle and time series- of dust surface forcing averaged over (0-
- 30N & 15-65W). The plot on the left is the annual cycle of dust forcing, where error bars
represent uncertainty in the estimate of the mean values. ‘On the right, the thin line is the
: monthly forcing values, the thick black lines bounding the upper and loIr values
represents annual minimums and maximums, respectlvely, and the thick time series
running though the monthly values is the month time serles smoothed with two recursive

- 13-month running mean filters.
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Figure 2.18. Time series of mean SAOD surface forcing over the north tropical =
Atlantic (0-30N & 15-65W). The thin line is a monthly time series of calculated surface
forcing, and the thick line is the monthly series smoothed with two recursive 13-month
running mean filters. - ' ' o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

Dust+H2S04 Surface Fo.rcting-v

-—15 | L | ‘_ ] ! 7 | L
1885 19901995 2000 2005

. . [z
Figure 2.19. Time series of DAOD and SAOD surface forcing averaged over the
north tropical Atlantic (0-30N & 15-65W).  The thin line is the monthly forcing
values, the thick black lines bounding the upper and lolr values represents annual
- minimums and maximums, respectively, and the thick time series running though the
monthly values is the mean annual time series smoothed with two recursive 13-month
* running mean filters. : '
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Figure 2.20. Climatological map of mineral and stratospheric surface aerosol
forcing. Forcing means are based on monthly values from the period 1982-2007.
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3 Modeling the response to a‘eros_olvs'u'rface forcing
| 3.1 The s:mple stochastic model |

Evan et al (Evan et al 2008) used satellite-based estlmates of aerosol surface
forcmg to calculate the 1nstantaneous change in temperature of the ocean mlxed layer
Here, in add1t10n to 1mprov1ng the forcmg climatology, I also go one step further by

. attempting to model the integrated ‘oc‘eanic response to forcing by aerosols over the north
tropicalb Atlantic One simple way to~estimate this response is to use a stochastic ocean

. temperature model with a varlable m1xed-layer depth (Deser et al. 2003). This model is

~an extens1on of the simple stochastic climate model (Frank1gnou1 and Hasselmann

1977), in that it includes a mechamsm for reemergence of sea surface temperature (SST)

anomalies.

From Deser et al. (2003), ‘the governi_ng equation for the simple stochastic model A

O’ranklgnoul and Hasselmann 1977) 1s

(C He”)dT’—F AT, o (31)

where p is the density of sea water, Cp. is the speciﬁc heat of sea water, Heﬂ;‘ is the mean
annual mixed layer depth, T is the temperature anomaly of the mixed layer, ‘t‘ is time (1n
| units of months for this ’analysis), Fis an atmospheric forcing of 7', and AT is the linear
- damping coefﬁcientl. The damping term Z.T “ is a idealized parameterization of the e
turbulent latent and sensible heat fluxes fro'm the ocean toi the atmosphere that are
associated with T. |
Several methods exist for deritfing A, including linearizing the bulk formulas for
~ the sensible and latent heat ﬂuxes associated with T GBarsugli 1995),‘ or calculating from
the output of a general circulation model (l)eser ret al. 2003). fAssuming that the

decorrelation timescale for atmospheric variability is much short than changes in -SST, F
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in Equation 1 can be assumed to be a white noise process, then A can be estimated using

the autocorrelation function of T,

r(r) = exp{—mr}, : : ( 3,2 )

“Soth_z\lt‘ N N | o |

lzln(r(,){_w} o S (33)

= I ﬁse climatologiéal kvalue's of monthly autocorrelation in SST from’observatiovr‘ls -

ahd a climatology of iniied layer depths (de Boyer Montégut et al. 2@04) (Figure 3.1) to

calculate spatially‘evxplicit values of A (Figure 3.2). I also splved for ‘/1(19, with ¢ bei_né a

* function of month, and using monthly climafological values of H, ahd 7, bﬁt this did not

bsubstanti’a‘lly alter my ﬁnél vresults, so here 1 use a value of A that is spatially explicif but

constant in time for simplicity.

3. 2 Reemergencé' and the stochastic model

Reemergance, as it applies to SST anomalies, 'dves‘cribes the physical'prOéeSS by

which wintertime SST anomalies arer entrained below the rrll'ixed’. layer, duﬁng the

- transiﬁon to 'summer 'When the miﬁ(ed layer shoals, then reemerge when the mixed layef

.deepeﬁs égain, dﬁring the transitioh back to the winter. To deinonstraté: this reemergence

mechanism in observations, itis uSeﬁﬂ to ﬁfst look at a plot of the seasonal cycle of the

mixed - layer depth over ,‘ fhe tropical north Atlantic (Figure 3.4). Here, ﬁdm depth 4

estimétes described in de Boyer Mohtegut et al. (2004)10; and averaged over the region -

~ of 0-30°N & 15-65°W, the layer is deepest in January and February (abodtl 47m) and

most shallow durin'g.'July and August (roughly 24m). As the mixed layer deepens during

_ | 10 CIimatological mixed layer depths dOWnloaded from the website of de Boyer
" Montegut, http://www.locean-ipsl.upmec.fr/~cdblod/mld.html. -
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the fall }months’it entrains water from below the layer, and as the mixed layer shoals in
the spring months it is reformi_ng at a rnore’ shallow depth. It is worth noting that, from
Equation 3.1, SST is most sensitive to ehanges in atrnospheric fdreing from June through
September,‘ and that mineral aerosol forcing is stronéest'_durihg the months of June and
Jnly (Figure 2.3). This tempOral collocation of enhaneed SST sensitivity and h‘eavy.
surface forcing. conspire to make the tropical north Atlantlc partlcularly strongly :

1nﬂuenced by summertlme dust outbreaks from West Africa.

Having in mind_ the seasonality of the mixed layer (Figure 3.4), I expect that SST
anomalies present from Febrnary through May will be trapped and effectively insulated
" below the 'mi’xed layer as it shoals and reforms at more shallow depths. These subsurface
anomalies} wiil he re-entrained into the mixed layer (reemerge) as the mixed layer
deepens and mi)res up the deeper water, from October through J anuary.ﬁ To demonstrate
this I show a plot of SST autocorrelation based on a monthly detrended time series of
SST from the Hadley Centre (Rayner et al. 2003) averaged over 0—30 N & 15-65°W and -
for the time perlod of 1955—2004 (Figure 3 5) Here, the reglon of strong pos1t1ve |
| correlatron coefﬁments ‘that -extends diagonally downward and in the dlrectlon of :
~ increasing lag (to the right) _represents this reemergence mechamsm. For example, March
SST is well correlated with SST during the months of November, Decernber, and
,vJanuary. Referring back to the mixed layer depth annual cycle (Figure 3;4), the layer
shoals'- fromi roughly 42 to »35rn from March to April; Therefore, the March SST
anomalies are insulated below the summer mixed layer, and then are remi‘xed‘into:the '
layer'(and. impaot observed SST) when the depths again deepen‘through 42 to 3_51n,

which occurs during the months of November through January.

The pattern of strong positive correlation coefficients seen in Figure 3.5 that start

at September with a lag of two months and then extend downward and to the right, can be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

, ~attr1buted to the reemergence mechanism. Therefore, to capture the SST response to
aerosol forcmg over the trop1cal north Atlantlc it is 1mperat1ve that the stochastlc model
is able to reproduce this effect. Tt is also worth noting the area of hlgh correlatlons
: ‘centered. on October'SST anomaliesiarid exte‘nding‘ all the _Way toa lag of 23 months (i.e.',
October SST anomalies are correlated With October SST anomalies some tu'o years
later). It is not clear Why October (and to 'av lesser deg_ree Septerrlber) SST ariomalies in
detrended data are so persistent, and investigation into this effeet is‘ beyond the’ scope of .
this thesis. | | “
Deser et al. (2003) mcorporated reemergence mto the 81mple stochastic model
- (Eqn. 3. 1) by 1ntroduc1ng a variable mixed layer H(), and an entrainment velomty W, =
dH(t)/dt, g1v1ng ‘

(pC )d(H(t)T)

=F'- AT'+(pCWXT' 7). o (34)

Here, I,',' is the temperature anomaly below the mlxed layer, which formed at an earlier
- time, which I model to dissipate with an e-folding time scale of three years. In rrly_case,
H(t) is a monthly climatology of the mixed layer depth (de Boyer Montégut et al.:’2004),
and A is from _Equatiori 3.2. When the mixed layer is deepening the 'right-most term in
-Equation 3;4 act to change the anomalous heat content by entrainment, arld when the

mixed layer is shoaling the term is zero.

Using a 50-year monthly white noise time series for F'1 integrate'Equation 34
forward in tirrle at each' : of my model grid cells in order to test the validity of the
‘stochastic' model over :the domain of 0-30°N & 15;65°W. - T next calculate the

o autocorrelation of the output (Figure 3.5) in order to make a direct comparison with
observations (Figure 3.6). The structure and magnitude of the autocorrelation of the

: m1xed layer temperatures from the model output (Figure 3 6), compares very well to
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.~ observations (Figure 3.5) with respect to both the structure and magnitlide of the
correlation coefﬁcients ' Reemergence as demonstrated by the region 'of high
correlations extendlng downward and to the right that start 1n the boreal fall months (w1th'
zero—lag) is clearly reproduced in the stochastic model, and mirrors that from
‘observations. The model also reproduces the two to three month pers1stence in

- temperature anomahes that are observed throughout the year.

3.3 Forcing the stochastic model w:th estlmates of the aerosol
direct effect

, As I have estimated'the surface forcing by mineral dust and stratospheric aerosols

it is possible to estirnate 1) the climatological mixed layer temperature response dust

.(' T, . ), 2) the monthly mixed lbayerv temperature response to dust for the period of 1982— _

2007 (T, ), 3) the ‘monthly mixed layer temperature resporrse to 'stratospheric volcanic

aerosols for the period of 19822007 (1,), and 4) the monthly mixed Iayer temperature

response to combined"dust .and stratospheric volcani_c aerosols f;or the period of 1982— .
2007 (T,,,). To estimate these four mrxed layer r_esponses I need_ to. complete three

separate runs of the stochastic model, each time defining F’ from Equation 3.4 as

F' = Fdseawual ’ .
F'=F, S - (35)
F'=F

d+s

where dew is the seasonal vcycle of dust surface forcing, F‘, is the 30-year monthly time
-series of dast’ forcing, and Fy., is the 26-year monthly time series of the dust arld )
vstratospheric aerosol surface forcing. = Therefore, T, is the output from the
F'=F, run, T, is obtamed by 1mt1ahzmg the model with the last year of the dor

seasonal

run then integrating forward with F'= F I;+s is obtained by initializing with ‘the last

year of the I_:is;mz run then integrating forward with F’ Fdﬂ, and 7,=7,,,-T,.
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 More speciﬁcally, we define Zjimw as the- last 12 months of mixed layer

températures after a 30-year run with F’ =F dor although equ111br1um (loosely deﬁned

as a mean annual mixed' layer temperature response to‘ the ‘season dust forcmg that i 1s :
constant from one year to the next out to three significant d1g1ts) is reached after six
years (Flgure 3, 7). The annual cycle of dust coohng, defined as the last year from the
spin up model run, has a  maximum in the magnltude of dust coohng during the months of
July; August, and September (Figurre.3.8)‘, lagging the maximum in dust cover by two to

three months, but in phase with the seasonal cycle of the mixed Iayer (F igure 3.4).

The spatlal pattem of the chmatologlcal coollng by dust (Flgure 3.9) is strongly
1nd1cat1ve of the distribution of dust optical depth (Figure 2.1), cloud cover (Flgure 2.12), .
and lambda (Figure 3 3) Based on the mean annual mixed layer response to the dust
,su_rface forcmg, mmeral aerosols exert their strongest influence on ocean temperatures,
‘about -1.0 to -2.0°C, between thelatitudes of 10°-20°N and, east of 30°W or between the
latitudes of 45-55°W. There is little to no dust forcing of mixedlla_yer temperatures uvest
of -20°W and either north of 25°N or near the equator (Figure 3.9). Broadly speakrng, the
magnitude and spatial extent of temperature response is similar to that fromv estrmations
made from the output of an atrnespheric general. crrculation ‘model coupled to a slab
eeean model (Yoshioka et al. 2007), and the mean annual response of the mixed layer
‘tem’perature to the dust seaSonal cycle is -0.60°C. -

. In order to estimate T, I initialize the stechastivc model with the model state from
the final year of the 30-year F'=F, run, and then force the model with the 26-year

~ monthly time 'series of dust surface forcing (Figure 2.17), or F'= F,. From the model
output T, has a streng seasonal cycle. (Figure 3.8) that is superimposed over more
‘coherent interannual variahility (Figure 3.10). The monthly maximum in the magnitude

, e‘f dust cooling occurs in August of 1985, and the minimum in magnitude in April of
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' 2005. Stronger cooling.by dust is‘observed-prirnarily prior to 1992, and ‘yveaker'than
b"_average cooling occurs' primarily after 2000 (thick _btack 'line,l Figure 3.10), and_the ‘
annual' mean maximurn and minirnum in magnitude of 7, occur in 1985 and 2005,
respectlvely Th1s temporal pattern of stronger cooling towards the begmmng of the‘ -
record suggests an overall weakemng in the mlneral aerosol d1rect effect over the '
northern troplcal for the last 26 years. : Thlsapparent trend will be explored further in
Chapter4. | I

| - I next force the 'stochastic'model; initialized by thedlast year frorn the model spin
up run, with F '=F 4+ 10 order to estimate 7, ,. The main distinction between the time

~ series of 7, (Figure 3.10) and T, s (Flgure 3. 11) is the mclusron of the surface forcmg '

assocmted ‘with the eruptlons of El Chichén in 1982 and Mt Pmatubo in 1991, The -
maximum in the magmtude of the monthly temperature forcing for each of these events
by both mineral andstratospheric aerosols rs -1.30°C in September 1982 (Chichén) and -
- 1.24°C in August 1992' (Pinatubo). Annual mean maximums in the magnitude of the
' rn'iXed layer temperature 'response are -1.11°C in 1983 and 1992 for the Chichén and
Pinatubo events, respectively. While the structure of _1;;; differs strongly from T, the
transitory forcing frOrn the volcanic events oniy increases the mean -magnitude of the
“response by 0.09°C 'ﬂ?igure 3.11). Additionally, the spatial pattern and magnitude of
temporally averaged T%H (Figure 3.12) is nearly identical to that from Z;W;al’ (Figure
3.9). o

I lastly consider the response to only the stratosphenc -aerosol forcmg,

T,=T,,-T,. Averaged across the northern troplcal Atlantic, the volcanic induced

d+s
_ anomalies in T, decay to zero roughly within six years (Figure 3.13). There is a _shght', '
- seasonal cycle inT, which is driven by the;annual cycle of incoming solar radiation and

mixed layer depth, and averaged over the period 'of 1982—2607 I; is 0.09°C. The
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ma)rimum in the magnitude of T aSsociated with the eruptiOn of El Chichén is about -
- 0.7°C, and O 6°C from the eruptlon of P1natubo (Flgure 3.13). “The spatial structure of

time averaged T, (Flgure 3. 14) is d1st1nct from T, s (Flgure 3.12) and T (Flgure 3.9).

T 1s much more unlform across the northem troplcal Atlantlc basm and is strongest

closer to the coast of South Amenca and north of about 22 Ni 1s less than 0. 05 C The

. pattern of T, (Flgure 3. 14) closely reflects the spat1a1 dlstnbutlon the map of monthly
SST autocorrelatron (Figure 3, 2) whlch is proportronal to the feedback parameter A

(F1gure_3.3). R S B
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3.4 Figures

20 30 40 50
Climatological Mixed—Layer Depth [m]

Figure 3.1 Cllmatologlcal maps of the ocean mixed layer depth Depths are from (de
Boyer Montégut et al. 2004).
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Climatological SST Autocorrelation

Figilre 3.2 1-lag monthly SST autocorrelation based on data from 1950-2005.
Autocorrelations are calculated using the HADLEY HISST data. .

’
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Climatological Lambda [W/m2 /K]

Figure 3.3 Climatological map of 2. Here, A (Eqn 3.2) is spatially dependant on
climatological mixed layer depth (Figure 3.1) and 1-lag monthly SST autocorrelation

(Figure 3.2).
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Figure 3.4 Northern tropical Atlantic mixed layer depth seasonal cycle, The plot on -
the left is of the seasonal cycle of the mixed layer depth averaged over 0°-30°N & 15°—

65°W.
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- Figure 3.5 Monthly SST autocorrelation. Autocorrelation coefficients for a mean,
detrended time series of SST (1955-2004), averaged over 0°-30°N & 15°-65°W.
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4
: ) Figure 3.6 Monthly. mixed iayer temperatures autocorrelation from output of the .
_stochastic model. Autocorrelation coefficients based on output from the variable mixed

layer stochastic SST model after being forced for 50 years with a monthly white noise

time series and averaged over the region of 0°-30°N & 15°-65°W.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

©
o

|
©
N

|
©
»

I
©
od

Mixed layer temperature
S
N

O
N
N
(@)
0]
o

Years

S

Figure 3.7 Time series of mixed layer depth temperature from model spin up. First
10 years of model output from forcing Equation 3.4, 7, , with the seasonal cycle of

dust surface forcing, i.e. F'=F, . Values are averaged over the region of 0°-30°N &
15°-65°W.
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Figure 3.8 Annual cycle of mixed layer reSponse to dust surface forcing from model
spin up. Year 30 of model output from forcing Equation3.4, 7, , with the seasonal
cycle of dust surface forcing, i.e. » F'= F, . Values are avéraged over the region of 0°—
.30°N & 15°-65°W. ’ '
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Mixed Layer Response [C]

Figure 3.9 Mixed layer response to seasonal cycle of dust surface forcing. Here the
temperature response of the mixed layer, 7, , is the stochastic model equilibrium

response to dust seasonal cycle surface forcing (i.e., the mean of year 30 from the
F'=F,  modelrun).
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- Figure 3.10 Time series of the mixed layer temperature response to surface mineral
aerosol forcing. ‘The thin black line is the monthly temperature values, the dashed line -
represents the series mean, and the thick black line is the monthly series smoothed with
two recursive 13-month runmng mean ﬁlters All series are averaged over the reglon of
0°-30°N & 15°-65°W.
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Figlire 3.11 Time series of the mixed layer temperatinre response to surface mineral
and stratospheric volcanic aerosol direct forcing. Otherwise description is the same as
- Figure 3.10. o o .
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Figure 3.12 Mixed layer temperature response to dust and stratospheric aerosol
surface forcing. Temperature response of the mixed layer, T, is the average of
monthly model output over the period of 1982-2007.
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Figure 3.13 Time series of the mixed layer temperature response to stratospheric

volcanic aerosol direct surface forcing. The thin black line is the monthly temperature

values and the dashed line represents the series mean, both averaged over the region of
°~30°N & 15°-65°W.
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Figure 3.14 Mixed layer mixed layer temperature response to stratospheric volcanic
aerosol direct surface forcing. Temperature response of the mixed layer, T, is the
average of monthly model output over the period of 1982-2007.
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4 Role of aerosols in observed sea surface temperature |
varlablllty

4.1 Observed sea surface varlablllty

Havmg estabhshed a methodology for est1mat1ng the mixed layer response to
changes in tropospherlc and stratospheric aerosols I next cons1der the role of this
mechanism in establishmg observed sea surface temperature (SST) anomahes To do this
I use observed monthly SST from the Hadley Centre SST data set (Rayner et al. _2003) .
For 1982-2007 annual SST anomalies, aver,aged"over the region of 0°-30°N & 15°-
65°W, range from -0.5°C (1986) to 0.5°C (2005), with a lincar trend of 0.25°C decade™,

 which is significant at the 99.9% level'® 1* (Figure 4.1). The 5-year smoothed SST series
‘shows periods of anomalous cooling and warming that are separated at 1995, a point
thought to represent the transition from negative to posxtlve phase of the Atlantic

Multidecadal Os01llat1on (Goldenberg et al. 2001).

’For'the period of 198»2’—2007 linear trends in annualvmean SST are not ‘unifo‘rm

' across the tropieal Atlantic basin (Figure 4.2)._v While all the 'SVST trend‘s in our re'gibnfof
interest and are upwards and statistically signiﬁcant they are ymost strongly posit_ive

» (greater the 0.3°C decade ') between the latitudes of 10°-20°N and east of 50°W. It is
worth notlng that SST trends are not significant 1mmed1ately off the coast of West Afnca

‘ a_round 15°N (Figure 4.2), where strong upwelllng may invalidate the use of this s1mple-'
mixed-layer model. vAlt.hough the trends in SST are statistically signiﬁcant through_out' »

 the area we are interested in, the warming is most pronounced between 10°-20°N and east

1 Hadley HadISST1 data is available at http //www hadobs. org.
12 All trends are based on the 11near least squares regress1on of an annual mean time series
~ onto time.
13 All reported s1gmﬁcance levels are based on the 2-ta11ed t-score for the correlatlon
_coefficients.
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. | of 60°W, with values here» exceeding 0. 360/decade This pattern of northern tropical -
o Atlantlc SST trends does bear resemblance to that of chmatologlcal dust loadlngs (Flgure |

2 1) and mixed layer depth (Flgure 3.1).
4.2 Analys:s of an “aerosol free” sea surface temperature |

Slnce Tqi 1s an estimate of the leCd layer response to dust surface forcmg, I am able
to deﬁne observed sea surface temperature as, o '
| | - 88T, = SST, +1;,, R (41)
' where SST, is observed SST and SST 1s the re31dua1 SST, or our estlmate of SST in a
“dust free world”. The magnltude of the anomalies for 7, (Flgure 3. 10) are about 25% of
those for SST,, (Flgure 4.1). Therefore, a plot of annual mean values of SST, averaged
over the region of 0°— 30°N & 15°—65°W is very similar to that from the observations
- (Figure 4.3'). However, since dust forcing was anomalously strong then weak for the first

and second halves of the record, respectively, there is a 23% reduction in the upward

'linear trend of SST, (0.19°C decade'l) as compared to that for SST, (0.25°C decade™).

* One way to evaluate the importance of any forcing on long term SST .Vari_ability is to
calculate the percent change in variance between SST, and 88T, or the variance

'reduced, Riz. Given Equation 4.1,

O'gsro‘:,o'gsrkd +T,0 o | - (42)
\ And therefore
O'gsro = dgsr,g o %, +2Cssr,,d 7 R (4.3)

where o7 is the variance of x, and C,, is the covariance of x and y. The contribution of

2CSST 1, t0 O'SST is s1multaneous1y attributed to both SST and Td, and the relative

_ contrlbutlon of each can not be decoupled. I therefore deﬁne | |
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p Ao O‘,gsrkd K | B
R?, =100%x|1——5—1,. o (4.4)

Osst,

- where R:; is the reduction in SST, variance associated with T, From Equation 4.3

R 100%{1 Oty _“”2’«;120%:«] |
2 = o - . »

(45)

_Q'SSTO_
- which reduces to
RZ2=100%><[ Pt (49)
O sst, O'ssr,, v

‘From Equatlon 4 6 R“2 is a function of the ratio of variance in Ty and SSTo, and the
covarlance, of S_STd and T, normalized by oﬁsro. The weighted covariance term 1n‘
Eciuation 4.6 is non-zero for the 7y, Ty, and Ts cases, solely due to the upward trends
that exist in these model Output time series and in SST . A non-zero value for this
covariance term could also 51gmfy the existence of other physwal processes that force
ocean temperature which are related to dust cover, e.g., aerosol indirect effects or .

1ncreases in cloud cover associated w1th dust.

Equation 4.6is the upper iimit of the. percent variance in SST o that is driven by 7.
A lower limit_ on thepercent variance can be estimated by-setting the covariance term in
Equation 4.6 to zero, which effect'ively assumes that all variance in this term is |
- 1ndependent of Ty. Altematwely, by detrendlng both 7, and SSTp, the covanance term
- can be assumed to be zero. Therefore I will also report the detrended percent variance

that is attributed to- aerosol variability.

* Similarly,
| | oy - 2C, B
R, =100%x[ oy~ Teals - (4.7)
Osst, assro o ' B
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is the percent reduction 1n SSTo. vanance assomated with forcing: other than T;, and

represents an upper limit on the contnbution by other mechamsms to §8To variance.
- Cssz,, 7, €an be expressed as

C(ssro—r,,),r,, o (4.8).

allowmg the deﬁmtlon of Rd to be expressed only asa ﬁ.lnctlon of Ty and SSTo,
. T o |
R, = 100,%x{——' Tols L J T (49)
S Osst, : : S

- Itis important to note that our definition of R:z‘ in Equation 4.8 is markedly different
from the ‘percent. variance is SST o explained by de .the square of the ’correlation

coefficient between SST 0 and T s

7 =100%x - (4.10)

| = Pl JG_
One key dlfference between rz and R"2 is that 7 is normallzed by the product of the
‘standard d'eViation of the tvro _time series and is’therefore invariant under linear scaling of :
| SSTO and T‘iﬁ‘s‘ ' Eouation 49 1s normalized hy"the varianee of SSTo, making R, sensitiVe :
, to the' magnitudes vof SST 0 and T d+si. Therefore, R:z is a more powerful nletric than rz for

| : understanding thef relative role of . in‘ yshaping the variability of SST 0
o For the case of ‘.Td Equation 4.1 kRZZ is ?;3%, and drops to 5% when the eoVariance .
~ term is set to zero (’_I‘able'b 4.1). These numbers suggest that 5-33% of the varianee 1n
- SST é ean be attrihuted to local changes in dust eover By repeating the analySis after “
| detrendlng the smoothed time series of SSTo and Td,_ ", is equal to 7%. Therefore,
mineral aeroSols contribute 23% of the upward trend in northem tropieal ‘Atlantic’ SST |

and 7% of the detrended variance (Table 4.1).
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| 'While the cha.nge' in the time series’o'f northern tropicat Atlantic SST for the SSTy,
case is modest' (Figure 4.3), a map of the linearv trends in SSZ}d shows a strong regional
signal (Figure 4.4). " In particular, the arca of linear trends in SSTo that exceed 0.3°C
decadei1 (Figure 4.2) now exhibits few locations where trends ere gréater than or equal to -
| 0 3°C. 'As a whole the tr‘ends‘ in SS7p in regions tha:t oVerlap with the areas whei'e the |
| mineral aerosol direct effect is non-negligible (Flgure 3 9) are reduced by about 0.1°C

" decade : ’ : _ L
I next consider the case of : : .
: o SST, =SST,, +T,, | O (41D)
" where SST, R (Figure 4.5) is the residual SST after direct effects from stratospheﬁc‘
aerosols, T (Figure 3 13), are accounted for. In- SS’I‘ the magnitude of the cool ‘
anomahes from 1982 through- 1995 are reduced or reverse 31gn (1983), except for the
1986 cool anomaly (Flgure 4.5). The smoothed anomaly, from 1984-1995 is much
smoother than that seen in the observations (F1gure-4.1), but the 1mpact of T, does not
extend beyond thisi time‘ since forcing‘aﬁer 1995 is'negligible (Figure 3.13). Here, R:z -
(the reduction in variance in SS8To via Ty) renges from 26-53%, the reduction in the S8To
linear trend is 46%, and R:_z from the detrended smoothed time series of SSTp and T is

55% (Table 4.1). |

The map of the trends in SST, (Flgure 4.6) differs strongly from the trends in
SST 0 (Flgure 4 2). Wlthln our reglon of interest the linear trends in SST, do not exceed

O.3°C decade™, and all values greater than, 0.2°C decade"_are observed east of 30"W. As
is reflected in the spatial pattern of the magnitude in T (Figure 3.14), the trends in SST, RJ';

relative to those :in SSTo, are weaker in the western half of the basin than they are to the

east. South of roughly 25°N the regions where the linear trends are greater than 0.1°C
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decade"l are also the areas where there are large values of DAOD (Figure 2.1), and where -

the trends in SSI;zd‘ (F igure 4.4) are much weaker than the observations.

Lastly I examlne results from . o S _
SST SST +Ts+d, , B - (4.12)

B where SSTy (F1gure 4, 5) is the re31dual SST after d1rect effects from stratosphenc and

tropospherlc mlneral aerosols T;+q (Figure 3. 12) are accounted for Max1mums in

temperature anomalies in the annual time serles‘ of 88T, , o_ccur in 1983 and 1998 -
| (Figure 4.5), a con_trast to the SSTo series which exhibits maxirnurns vin 1998 -and 2005
- (Figure 4‘.1). Minimums in SST, are seen in 1986 and 1994, as‘is the case for the SST
| observations.b The smoothed | SSTM series clearly shows less varlance around the
upward trend than is seen in any of the other anomaly temperature time series. R:Z.d
ranges from 40-76%, and after detrending the smoothed series of SST, o and T4, R:;d is
equal to 67%. The ’upward linear trend in SST, x., 18 0.08°C decade’, is not statistically
_significant, and suggests that 69% of the upwar,d:trend in SSTo can be attributed to Ts+a
(Table 4.1). | | o
Wrthln the region of 0°-30°N & 10°-65°W there are no areas where the linear -
trends in SST, . are greater than 0.3°C decade™, and there are few areas where trends are |
greater than 0.2°C decade™ '(Figure 4.6). 'Here, statistically significant trends in SST, Rt |
“are only found in. the region bounded by roughly 5-10°N and 25-45°W, and north of
25°N Throughout the rest of the area where I have estlmated SST, » the linear trends
 are between 02 to 0. 2°C decade and are not srgmﬁcant The results shown in Frgure
4 6 strongly suggest that both the strength and the spatial charactenstlcs of the recent
upward trend i in northern troplcal Atlantic surface temperatures are strongly dependant on

local changes in aerosol cover and the resultant 1mpact through the aerosol dlrect effect.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



&3

" 4.3 Figures

0.6 T T - T ‘i —T"

SST anomaly [C]

-0.6L__ L 1 ! |
1985 1990 1995 2000 2005

Figure 4.1 Time series of observed SST anomalies averaged over 0°-30°N & 15°-
65°W. The dashed line represents the annual mean values, the thin solid line is the
climatological mean, the dotted line is the linear least-squared trend, and the thick black
line is the annual mean time series processed with a 1-4-6-4-1 filer, which has an e-
folding reduction in the amphtude of the spectral response function for this filter at five
- years. The red and blue regions correspond to penods that are above and below the

climatological mean, respectlvely
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-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Linear Trend in SST (C/DECADE)

4

Figure 4.2 Map of linear trends in observed SST. Trends are calculated from the
annual mean time series at each 0.5° grid cell over the period of 1982-2007 and are
reported in units of °C decade’. Hatched areas represent regions with linear trends that
are statistically significant at the 95% level. The area enclosed in the thick black lines
(i.e., the oceanic regions of 0°—30°N & 15°—65°W) represents the region over which the
aerosol direct effect and its impact on ocean temperatures has been estimated.
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0.6 T T T T T
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-0.6 1 [ 1 . ’1’
1985 1990 " 1995 20000 = 2005

Flgure 4.3 Time series of SST, " averaged over 0°-30° N & 15°-65° W Otherw1se
descrlptlon is the same as for Flgure 4.1.
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Linear Trend in SST (C/DECADE)

Figure 4.4 Map of linear trends in SST;,. Otherwise description is the same as for
Figure 4.2.
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Figure 4.5 Time series of SST R, * Otherwise description is the same as for Figure 4.1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88
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Linear Trend in SST (C/DECADE)

A
Figure 4.6 Map of linear trends in SST, . Otherwise description is the same as for
Figure 4.2. '

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



’0.6 — : T T e

)
[

o
A

SST residuol [C].
o
o

I
o
()

-0.6 ! : 1 L 1 » 1
1985 1990 1995 2000 2005

;.

- Figure,4a7 Time series of SSTy,, - Otherwise description is the same as for Figure 4.1.
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Figure 4.8 Map of linear trends in SST, . Otherwise description is the same as for
Figure 4.2.
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4.4 Tables

o T, T, Ty
- LowerlimitR , (%) 5 26 - 40
Upper limit R , (%) - 33 53 76
DetrendedR , (%) 7 55 67
~ Linear trend (°C decade™) 0.058  0.117 0.175
Percent of trend in SS7,. 23 - 46 - 69
Mean (°C) » ' -0.602250  -0.0955348 - -0.697785

Table 4. 1 Analysis of time series of temperature and forcmg The second and thlrd
columns represent the lower and upper limits of the percent variance in SST that can be
attributed to the time series stated in the first row, and the fourth column gives the
detrended percent variance. The fifth column is the percent of the linear trend in SSTp
~ that can be attributed to the time series in the first row, and the last two give their linear
‘trend values and series’ means.
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5 Sensitivities
Although I have demonstrated that aerosols ‘and. aerosol variability‘»hav'e a

: s1gnlﬁcant 1mpact on observed SST anomalies across the northern tropical Atlantic, there

are uncertalntles assoc1ated with my methodology for estlmatmg the impact that aerosols

~ have on ocean temperature By us1ng a monthly chmatologlcal for cloudiness I am =

_ neglectlng the influence of any interannual Varlablhty in cloud amount on ‘my modeling
of Ty, Ty, Tyxs. Therefore, keeping in mind the dlfﬁculties in using satelhte_observatlons :
- of cloudiness in this was (as was discussed' in Chapter 2), one possible SOlution' is to
ut111ze cloudiness estimates from the NCEP reanalysis, wh1ch are prov1ded as monthly_
means with a diurnal cycle that has a 6-hour resolution. The annual time series of
cloudiness from NCEP, averaged over the region of vO 30°N & 15°-65°W shows -
' cloudiness values ranging from about 48-54% with a méan of roughly 5l%'(Figure 5.»1>).
There is“some long term structure to this time series of cloudiness, with below average
values in the 1980s follow by above average cloudiness for most of the 1990s, then below
average cloudiness during the first half of the 2000s. The 'maximum in cloud cover
occurs in 1996 and the m1mmum in 1985. Maps of mean cloud cover from ISCCP and
| NCEP show strong spat1a1 differences between the two (Figure 5.2). Primary- among
-them is the lack of a strong maximum in cloudcoverover the 1ntertropica1 convergence
zone‘(ITCZ) in ‘the NCEP data, besides the NCEP data showing lower cloud amounts !

throughout the basin.

Besides an increase in the mean dust forcing (Table 5.1), which results from‘ the .

* NCEP cloud percentages being lower than those from ISCCP, the time series of T ‘when
using NCEP‘ data (Figure 5.3) differs most lstrongly from that when ISCCP is used
(Figure 5.4) during the period of 1992-1997, where the NCEP Tdis weaker, which is due
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to the increase in cloudiness during th1s time. There is only a smali reduction in the

. Frn»agnitude of T (Table 5.2) when data from NCEP are used (Figure 5.3), hut the change
in Tdﬂ is compelling in that the weakening in the magnitude of therespense during the

mid 1990s seems to rnirror similar changes in the SST annmaly during that time Gigure
5.3). This s1m11ar1ty is reﬂected in the increase in the three estlmates of Rs when using -

the NCEP clouds (Table 4.1), over RS + when us1ng ISCCP (Table 5. 3)

In addltlon to explormg the model’s response to dlfferent cloud data sets, to explore
the sensitivities in my model I also run the radlatlve transfer and stochastic models with |
., modifications to parameters that the output is strongly dependant on. - This includes
ﬂdeereasing and increasing cloudiness by five percent, increasing and decreasing satellite _
retrieved aerosol optical depthv by 0.1, deepening and shoatin_g the mixed layer depths by'
five meters,' and using low and high estimates of the so-called feedhack parameter (A).

- High and low estimates of A are made ‘by using: “theA 95% Ac0nﬁdence range for the

correlation coefficients for r(z) in ’Equation 3.3.

With respect to T, d (Tahle 51 ), output from the sensitivity model runs gives ranges

of 4-9% for the lewer limit of Rd , and ranges' for the upper.vlirnit of Riz are 27-42%,

' While detrended R:z values go fromv 1-10%. The percent of the linear trend in SSTp that
can be attributed to dust span 18-31%. These statiSti‘cs suggest that even when the mode_l
barameters are modiﬁed enough te provide unrealistically ’lew estirnates for the dust
dlrect effect (namely the mean of -0.21°C for the case of decreasmg AQOT by 0.1) local :

- vanablhty in dust cover has a non-neghg1ble mﬂuence on the long term varlablhty in

A qbserved SST anomalles.
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| With respect to Ts (Table 5.2), output from the sensiti\?ity model runs gives a range
of 17 45% for the lower hmlts of R!,, and 46-76% for the upper limit of R’,. Detrended

Rs values are from 43-64%, and the range of estimates of the percent of the linear- trend -

in SSTo that can be attnbuted to stratosphenc aerosols is 37-69%. While the impact of
major volcanic erupt1ons on surface radlatlon -budge_ts _1s wellflmown, this 'analylsis

provides an observational constraints on their role in shaping SST variability. -

W1th respect to Td+s (Table 5. 3), output from the sens1t1v1ty model runs gives
ranges of 31-50% for the lower limits of R:zs, 68-85% for the upper limit of Rd” and

60—71% for detrended R’ ”. Additionally, except in the case of deepening the mixed

. layer depths by five meters, the hnear trend in SS7% is not statlstlcally s1gmficant in any

of the sensitivity study cases (Table 5.3).

This sensitivity analysis suggests that other mechanisms that have heen used to
‘explain loyv frequency changes- in SST, like direct effects ﬁ'om 'increases in greenhouse
gasses or salinity driven changes in the thermohahne c1rculat1on d1rectly account for 32-
15% of the low frequency SST. vanablhty over this time perrod (based on the upper limit
of RZ:S), and 40-29% ‘of the detrended variance. Addltronally, any other forcing on
northern tropical Atlantic SST can onlyr directly be responsihle for'imparting a upward
trend of 0. 1-0.5°C decade™ on SST or 7-39% of the observed trends"in SSTo over this
“time penod (Table 53). It is key to note- that our analysrs does not demonstrate that -

' aerosols explam year-to- year changes in SST, but that therr effect is realized when
cons1der1ng variability on longer time scales. This is consistent with earh_er work -
demonstrating that interannual variability in tropical 'Atlanti.c SST is more stron‘gly'

4 rnodulated by wind induced latentheat fluxes than in..solar forcing (Foltz and McPhaden

'2008a;Foltz and McPhaden 2006b).
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5.1 Figures "
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Flgure 5.1 Annual time series of cloud cover from NCEP total cloud cover data,
- averaged over the reglon of 0 -30°N & 15° -65 W. :
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Figure 5.2 Climatological cloud cover from ISCCP (left) and NCEP (right). Both are
averages of mean monthly ISCCP (NCEP) 8 (4) hourly values of total cloud cover for the
period of 1984 (1982) through 2007.
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Figure 5.3 Time series of 7y, T, T, 145, and SSTo when using cloud cover data from

- NCEP. In all plots the thin solid line is the annual mean time series, the thick solid line

is the 5-year smoothed time series (using a 1-4-6-4-1 filter), the dashed line is the linear

trend of the annual series, and red and blue regions correspond to periods of anomalously

warm or cool temperatures in the smoothed series, respectively. Panels A, B, C,and D"
*contain time series from T}, Ty, Ty+s, and SSTp. Panel D is a reproduction of Figure 4.1

. and included for reference.
65°W.

All values are averages over the region of 0°-30°N & 15°- -
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Figure 5.4 Same as for Figure 5. 3 except that cllmatologlcal clouds from ISCCP are

used in the model
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5.2 Tables
.~ CF CF NCEP AOT AOT ~MLD = MLD-: hishA  low A
| +5% 5% CF 01 401 +5m  -sm "8 owe
- Lower limit R, 4 6 4 4 4 3 9 4 6
Upperlimit R, 39 36 25 32 31 27 42 30 36
Detrended R , 6 71 5 10 6 8 6 8
| zr’lcrzl?r)trend Ta 0.05 0.06 005 005 005 005 008 005 0.06
Percentof 87, 20 26 18 21 21 19 31 21 26
trend. L C } ‘
| Lmeartrend SST 015 020 018 017 016 014 023 016 0.20
ccd’) S | S | |
S_ST_ trend 99 99 99 99 99 99 99 99 99
significance . : , , .- ,
Mean (°C) 053 -0.67 -069 -021 -122 049 -0.82 -054 -0.68

Table 5.1 Analysis of T, time series. Statistics are reported for (from left to right in the
first row): increasing the cloud cover by five percent decreasmg the cloud cover by 5%,

~ using clouds from NCEP, decreasing AOT by 0.1, increasing AOT by 0.1, deepemng the
mixed layer by five meters, shoaling the mixed layer by five meters, using a high
estimate of A, and using a low estimate of 4. Reported statistics are (from top to bottom
in the first column): lower limit of , upper limit of , detrended estimate of , linear trend in
Ty, lineartrendin 7; as a percentage of trend in SST), hnear trend in SSTy, significance
of lmear trend in 57k, mean value of 7. : :

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

CF CF '~ NCEP AOT YAOT MLD MLD.

+5% 5% CF - +01  -0.1 +5Sm  .5m ighA | low A

- Lower limit R , 20 32 33 41 23 17 45 21 32

(%) o | o | .
Upperlmit R, gy 56 56 76 52 46 61 49 57
(%) o | T - L

Detrended R , 56 52 52 . 64 S6 56 43 56 52
(%) o : o f |
(%,lé‘fi%{)“e“d L 010 013 013 017 o011 009 016 011 0.13
Percent of SST,, 41 52 s1 69 44 37 6l 42 52
trend. : v ' ' |
E;I(I:lilﬁ)tr?nd ST: 020 019 021 013 020 021 017 020 0.19
igf ﬁtiiﬁi' 9 9 9 8 98 99 90 99 96
Mean (°C) 008 -0.11 -0.11 -031 -009 -0.08 -0.13 -009 -0.11

Table 5.2 Analysis of T, time series. Otherwise description is the same as for Table 5.1.
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"CF_CF_NCEP AOT AOT MLD MLD

| #5%  -S%  CF 01 4001 +sm  .sm hghh lowh o
LowerlmitR. 3y 5o 43 a1 36 26 71 33 50
UpperlmitR. 5 g0 77 76 74 6 8 72 8
(%) : - . T o o

" DetrendedR, (%) 66 66 71 64 68 65 60 66 67
Lineartrend T 015 020 0.8 017 0.6 014 023 016 0.20

ccd?) T ,

Percent of 857, 61 77 - 69 69 64 S6 93 63 77
trend. , o ‘ |

z;‘é‘ed*ff)t,rend.SSTR 015 012 012 013 014 016 010 015 012
SSTywend o4 23 86 87 92 97 27 93 74
significance =~ " , , o

Mean (°C) 0.62 -0.78 -0.79 -031 -131 -056 -095 -0.62 -0.79
Table 5.3 Analysis of Ty, time series. Otherwise description is the same as for Table
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6 Summary and Outlook
In this thesis I explored the role of dust outbreaks from West Africa, and ylon'g-lbived |
stratoepheric volcanic :‘aerosols,. ‘in shaping ’observed northem tropical ‘Atlantic silrfaee |
tefnperature“ariomalies over the last 26 years. 1 ﬁrst developed a method for estimating ‘
the .dust component to satellite retrieved aerosol optical thickness and used this data in
conjunctien with independently observed stratospheric aerosel optic‘alv depth in orde.r‘.to ’
create a satellite climatology of aerosol cover of the northern tropical Atlantic. I'then '

. outlined a simple model for es_timhting the aerosol surface forcing, using the satellite
aerosol data, with‘two'relatively simple radiative transfer models, where -the.shertane
model was validated against observations. These efforts resulted in tlvle creation of a
hoﬂhem tropical Atiantic Satellite climetology' of | the aerosol direct. effect. I next

| descﬁbed the modei I ﬁse for estimating the ocean m'i‘xed layer response tov aeroéol_
radiative forcing at the surface. | The parameters of thlS étochastic mixed layer model

- were .described and I demonstrated fhat this simple model could reproduce observed

| persistence and reemergence in sea surface temperature anemalies here. 1 then described

! the output from several model‘runs, analyzing the spatial and tempoi'él vériability of the
mixed layer vresponse‘ te forcing by dusf, stratespheric volca;iic aérosols, and both the dust
‘and 'the volcanic _aeresels.‘ Following this, I analyzed the mixed layer model results m
terms of obeerVed sea surface temperaﬁire' anomalies, using a simple cenceptual model.
From this analysis I determined that 70% of the ﬁpWard_ trend in observed temperature
anomalies is fofced by aierosols, and that 65% of the low t‘requehey variability about »that'
trend is aleo forced by aerosols. Finally, I explored the sensiti\kity of these'results to the |

uncertainty in various model parameters.
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| Whlle this work does present compelling evidence that aerosols; via their direct
~ effect, have a significant impact on long term northern tropical Atlantick-SST variability,

“here I do not'aCcount for dynamical feedbacks ﬁ'om an atmospheric response to aerosol

| forcmg, and the assoc1ated SST changes (Chang et al 2000; Foltz and McPhaden 2006a;

- Wong et al 2008). - One poss1ble way to explore. the coupled response to the aerosol }
direct effect 1s to examine the response of an atmospheric general circulation model
coupled to a slab ocean-that is ‘for‘ced' with my estimates of the aerosol surface forcing _

‘ Honzontal and vertlcal advectlon of aerosol induced SST anomahes are also likely to be .
important to better quant1fy1ng the local and remote response of ocean temperature tov ,
aerosols: Therefore, - efforts are now underway to force a high resolution dynamical
ocean model with my estimates of the aerosol direct eft‘ect in order to explore the role of
ocean dynamics in modulating the rnixed' layer respOnse to aerosols, and to explore the

sub surface response.

- Over the last 30-years temperatures in other tropibcal ocean basins have been rising

steadily, but at a slower rate than the Atlantic (Holland and ‘Webster 2007). At the same

time projections of _surface temperature increases under a doubled carbon dioxide‘climate "
suggest that the Atlantic should be warming at a rate slower than the other observations |
(Vecchi and . Soden 2007) I suggest this apparent disconnect between obseryations and
models may be due to the 1nﬂuence of Atlantic dust cover. My results 1mply that since
dust plays a role in modulating tropical North Atlantlc Ocean temperature, projections of
these temperatures under various global warming scenarlos by general circulation models
should account for potential long-term changes inv dust loadings. This is especially
critical as studies have estimated a reduction Sin Atlantic dust cover of 40-60% vun‘der a

doubled carbon dioxide climate (Mahowald and “Luo 2003), which, based on model runs
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with an equivalent reduction of the mean dust for;iing, could result in an additional 0.3-

0.4°C warming in the tropical North Atlantic.
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