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ABSTRACT

This dissertation explores the role Bf Nifo SouthernOscillation (ENSO) in
modulating the mean state and annual cycle in the tropical eastern Pacific. In the first part,
characteristics of the tropical climate mean state, annual cycle, and ENSO along with their
associated essential mechanisms are introduced. On the onthkamapical Pacific mean
state is critical to determine the preferred location of maxireaasurface temperature
(SST) variability associated with ENSO. The eastern equatorial P4EE®)permits an
effective airsea coupling on thmterannual timescale, leading to ENSO growth. On the
other hand, the impact of the mean state on ENSO can also be inferred from its phase

locking to the annual cycle.

To understand the capability of ENSO in modulating the climate state over the tropical
eastern Pacific, the second part with observational analysis reveals that the linear ODH
associated with ENSO has a considerable amplitude. However, its impact on theriong
SST is small due to changing signs betwEéNifo and La Nina phases. The nawdar
oceanic dynamic heatif@DH) exhibits a consistent sign during warm and cold episodes,
but its weak amplitude limits its cumulative effect on the mean SST. As for thermodynamic
processes, surface heat flux shows weak effects, with downward longadiative
heating offsetting the net shortwave radiative heating. In the third part, the OGCM
numerical experiments confirm the observational findings, indicating a modest

rectification effect of ENSO on the mean state.

In the fourth part, the modulationfet of ENSO on the annual cycle is investigated

in the equatorial eastern Pacific by applying the analytical heat budget model. The analysis



reveals that ENSO primarily modulates the annual cycle through ODH processes, including
anomalous temperature adtien by the mean vertical and meridional currents, anomalous
zonal advection associated with the geostrophic current, and anomalous upwelling induced
vertical advection. Thermodynamic processes induced by ENSO also exert modulation
effects, with downwartbngwave radiative flux reinforcing the ocean dynamic impact and
surface latent heat flux offsetting it. These ENSO impacts on the EEP annual cycle persist

from fall to winter and weaken during spring.

Overall, the rectification effect of ENSO on the me2®T in the tropical eastern
Pacific is found to be moderate. However, ENSO exhibits a significant impact on the
annual cycle, primarily through ODH processes. The relationships between ENSO, mean

state, and annual cycle are analyzed using a quantitaséigeatitic methodology.
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Chapter 1. Introduction

1.1 Tropical MeanClimate in the Eastern Pacific

It is known that the Pacific Ocean i s
divisions, whichseparates Asia and Australia from the Ameritashe tropicakquatorial
Pacific,there exista significant zonal asymmetwith awarm poolin the westand a cold
tongue in theeast(Figs.1.1a andb). The warm pool is a leye area of the Pacifi©cean
near the equatahat is characterized by warm SSygically exceeding 28egree<dsius
and abundantainfall. The warm pool is caused by a combination of factors, including
intense slar radiationand weak winds in the region, which allow the ocean to absorb and
retain heatln contrastthe cold tongués a narrow band of cold water tlsdtetches along
the equatomn the eastern Pacific Ocearhisarea is characterized by SSTs thrag usually
5to 7 degrees Celsius cooler than those in the warm Ppbelcold tonguegon the other
hand, is caused bypwelling through which cold waters from the deep ocean can be
brought to the surfagand by thesteadytrade windswhich blow across the ocean surface

from east to west

Moreover, he observed main characteristics of the mean climate over the tropical eastern
Pacific are denoted by a remarkable asymmetry relative to the equator, with abundant
rainfall and thantertropical convergence zond CZ) residing north of the equator, and
coldSSTtongue at and south of the equdteigs.1.1a and b), eenthough the only external

forcing is solar radiation, which is symmetry about the equatolong-term meanIn

t

he



addtion, since thdong-time averaged SST is the warmest to the north of the equator,

atmosphere winds and ocean currents have northward components at the equator.

a Annual mean GPCP precip. (1979-2012) ¢ PACIFIC

60E 120E 180 120W 60W 0 JFMAMJJASONDJFMAMJJASOND

(=3

Figure 1.1(a) Patterns of global annual mean precipitation (mm/day), and (b) Syaveragec
during 19792012 (Source: Global Precipitation Climatology Project (GPCP) mot
precipitation and Hadley Centre Sea Ice and Sea Surface Temperature data (He
resgectively). (c) Time evolution of zonal wind stress to the wess-#N, 130-110 W) and
meridional wind stress to the north {8 N, 120-100 W) of the Pacific cold tongue and SST
the cold tongue (&4 N, 104-86 W) (From Mitchell and Wallace 1992).



Another interesting featuref the mean state in the tropical eastern Pacific is the
annual cycle of SST and wind fild (Fig.11c). Whilethesolar radiative forcing at the top
of the atmosphere is dominated by a semiannual (6 months) peribé sun crosses the
equator twice a yeathe observed SST and surface winds both exhibit a significant 12
month period, with cold tongue strongest utuann while weakest in spring. Besides,
Mitchell and Wallace in 1992 found that as time progresses,-gotth SST gradients
increase from May to August and so do the cexgsatorial flows and the antisymmetric
components ofea level pressur&SIP) and outgoing longwave radiatiofOLR) fields.
Therefore, the observational analysis implies that the cold tongue development experiences
a positive feedback loop between the atmospheric and oceanic antisymmetric modes, that
is, an antisymmetric SST pattern uws crosgquatorial winds, which may further

strengthen the nortbouth SST gradient (Li and Hsu 2018).

1.2 Air-Sealnteractions that Shape theMean State

Several previous studies proposed some excellent theories that illustrate the
mechanisms that shape the tropical mean climate in the eastern Pacific from both dynamic
and thermodynamic perspectives. The main idea behind those theories asr-Heat

interactions favor the most unstable growth of an antisymmetric mode

In 1994, Chang and Philander considered a simple couplegaimodel with the
atmospheric component as the Linddigam model, and the ocean component as a

simplified CaneZebiak model. Ad the eigenvalue analysis of their simple coupled model
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indicates two unstable modes: the first mode has an antisymmetric strucitive el the
equator, and the second mode has an equatorially symmetric structure. Their study has
proved that atmosphemkean interaction favors mostly the equatorially antisymmetric
mode because the growth rate of the first mode is greater than timel sewmBesides,

they havedemonstrted how the antisymmetric modesnconvert symmetric conditions

into the observedisymmetric climate statesvith the increasingrate at which these
antisymmetric modes amplify initial perturbations and destiyiywmetric conditionas the
thermocline deptidecreasesTherefore the modes are effective in the eastern tropical

Pacific where the thermocline is shallow.

Furthermore, a theorgroposedoy Chang and Philander 199dcusing on positive
dynamic airsea feedback among meridional wind, ocean upwellingS&TdFig.1.2a)is
referred to as h meridional windupwellingSSTo feedbackLi 1997a). The mechanism
can be addressed as followdiem there is an initial weak antisymmetric SSTA forcing, a
meridional wind anomaly will be induced, and then drives the oceanic Ekman currents,
which have a maximum meridional component at the equator where Coriolis force vanishes,
while the oceanic Ekmaaurrents far away from the equator have smaller meridional
component because the deflection of Coriolis force. Therefore, the meridional component
of the oceanic Ekman current will lead to surface divergence or convergence, and thus
upwelling or downwellig depending on the initial antisymmetric SSTA forcing
distribution. So that the asymmetric vertical velocity can advect cool water up or the warm
water down to further strengthen the initial antisymmetric SST perturbation, leading to a

positive feedback afe.



In addition tothe essentialdynamic airsea feedback, there are two types of
thermodynamic ais e a f e e d b a tekaporalidin®S TMovi fnredledback was
proposed byNeelin et al. (1987) in studying prominent atmospheric lefkequency
oscillation, the MaddenJulian oscillation (MJQ Xie and Philander (1994) furthapplied
the theory in studying the ITCZ asymmetry problem. For the wiaporatiorSST
feedlack (Fig.1.2b), thees®nce is the background wind distributidiith steadybasic
state easterlies over the tropical eastern Pacific, suppose initially there is a positive SST
perturbation to the north of the equator, in response to this warming SST forcing, westerlies
(easterlies) wind anomalies are generated to the south (mbrth® SST perturbation,
resulting in reduced (enhanced) evaporation and therefore positive (negative) time change
rate for SSTIn other wordsthe meridional SST gradients create atmospheric pressure
gradientsthat intensify thewinds (Lindzen and Nigaml987), and those gradients are
further magnifiel when theevaporative coolings strongat theocean surfacen regions
wherethe winds are most intenagvay from the equatoAs a result, the SST perturbation
intensifies and propagates equatorward, however, the strong oceanic upwelling (extremely
cold SST tongue) induced by mean easterlies near the equator suppresses and prevents

further movement of the atmospheric convection.

Although this coupled oceaatmosphere model has demonstrated tti@ixing in
the upper layer of the ocean and evaporation from the surface of the ocean, two processes
that depend on the speed of the total wind, play similar rolesomtributing to the
asymmetry.Such a model haa flaw becausetiis a vital fact that easterly winds are
strongest at thequatorand decrease e#quatorin the real worldthe evaporative cooling

may have the same or even stronger effect on #wgiatoial side when atmospheric



processes are domimaconsidering the total wind speadhich may further prevent the

convection moving to the equator in addition toglrengocean upwelling

The othethermodynamic feedbadcks i s t r-radiatioeS T @ ufddlLeathd a ¢ k
Philander 1996Philander et al. 1996wvhich involves the positive feedback between the
low-level marine stratus cloud and S$&.is known thatthe convective clouds favor the
warm waters in the westermaélfic, however,the eastern Pacifics favorable for the
formation of thdow-level stratus clouds over cold watkre to the presence teimperature
inversion and these stratus cloutiave a seasonal variatiowith maximum values in
September wheB8ST is thdowest (Fig. 1.2c). Becausdhe lowlevel stratus clouds are
thicker when the SST is lower due to the larger static stability of ther latnnosphere, and

the increased clouds shield the ocean fstiortwave radiation and cause even lower.SST

Note that Li and Philander 1996 applied an empirical formula in accordance with
Reedbs (19 7tadepicethe pffect of stratasmclouds on reducing shortwave solar
radiation. The observation datasetewadaysconcerningshortwave radiationst the
surfacearemostly from reanalysis productslowever,in most climate models nowadays
problems still exist concerning thnderestimatiomf cloud coverand overestimatioof
cloud reflectivity, particularly for tropicalow-level marine stratus cloudshich is known
asanessential influential factor that determines shortwave radiative heating on the ocean
surface(e.g., Klein et al. 2013; Nam et al. 2012herefore cautionshouldbe taken when
applying reanalysis datasets theoretical modelof surface shortwave radiation and

associated lovlevel marinestratus cloudsespecially in the tropical etern Pacific.
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corresponds to an eastward wind of ® (FromPhilander et al. 1996].he simulated

(b) SST (C) and(c) surface wind fields from the hybrid coupled GCM in the pres¢
evaporatiorieedback

160°W
Figure 1.3(a) Surface wind vectors as calculated by an atmospheric GCM in whit

specified &Ts vary only with latitude and correspond to those observed aloni
datelinewith idealized coastal geometries. The lengthtref arrows represents tr
surface wind speds, and their directions are thoséhefwinds. The arrow at the bottol

of the dynamic coupling, thevind-
SST feedbackHrom Li 1994).



In the real worldthe asymmetric geographical feature on the edsthplays &rucial
role in selecting the northern hemisphere for warr&T and more precipitatiofi.e.,
ITCZ residing north of the equajorAn atmospherigeneral circulation modelGCM,;
GFDL R30 model) was used &xplore this hypothesi@hilander et al1996 Li 1997a).
To understand the sole effect of the asymmetric land raadscoastal geometryhey
specifieda symmetric SST relative to the equator as the model ibaemdary condition
and the annual mean insolation is specifiethattop of the atmospherahich is also

symmetric about the equator.

In fact, the importance of the titled coast in initiating the climate asymmetry was
demonstrated by Philander et al. 1996 with a specified idealized western coast of the
Americas(Fig. 1.3a) From a meteorological point of viewhe change in coastal geometry
is of little consequencd-dowever,from an oceanographic point of view significant
change hasccurred where the trade winds to the north of the equatpegpendicular to
the coastand thoseo the southare parallelto the coastSuch alongside currents are
associated with offshore Ekman drift atialis coastal upwellingherefore, the resultant
lowering of SST will be more pronounced south than north of the eqUdtersimple
coupled model o€hang and Philander (1994Yicatesthat airsea interactiosmcan rapidly
amplify modest initial perturbations into realistic climate asymmetries relative to the

equator in regions where the thermocisshallow.

FurthermoreLi 1997a has provedthatit is the surface wind fieldccompaniety the
coastal geometrgouplingto the ocearthat setsup a northsouth asymmetry in SST
Becauseof the tilt of the American coasthe trade winds to the south of the equator are

parallel to the coastesulting instrong upwellingalong the coast and cool SST thédace

9



this initial weak SST asymmetry isstablishedthe airseafeedbacks mentioned above
could further amplify thequatorial asymmetryfinally reachingthe observed strengémd

causng asymmetries itheatmosphex andocean(Figs. 1.3b and c)

To sum upthe formation ofhetropical eastern Pacific climate mestate in addition
to the essential role of the titled Coastal Geometry for initiating the climate asymmetry in
the eastern Pacifithe SSTand precipitatiomorth-southasymmetry or the préerred
longitudinallocation of ITCZ asymmetry, is mainly determingdtbe climatological mean
thermocline depth at the equattitat is because adea interactions are most active in the

region where mean thermocline is shallow

1.3 Annual Cycle at the Equatorial Eastern Pacific

Despite thenorthrsouth asymmetry, he eastern Pacific displays distinguished
annual periodicity of SST and wind fields at the equatale theincoming solar radiative
forcing at the top of thatmosphere is dominated by a semiannual (6 months) period as the
suncrosses the equator twice a y€elne observed SST and surfagind both exhibit a
marked 12month period, with the cold tongue being strongest in September and weakest

in March (Fig.1.1c).

In 1996, Li and Philander constructed a simplesa& coupled modéh which the
annual state iprescribedand the model is forced by tintependent solar radiation at the
top of theatmospheréo address the physical mechanisms that contribute totieesting
annual cycle phenomenolt has been confirmed that the asymmetric mean atad@an

annual harmonic antisymmetric component of seasonally varying solar radiation forcing

10



associatedwitthet i | t i n g oafeesBeatialtinltausng thexannaial cyélithough

being zero at the equatadine antisymmigic annualharmonic solar forcing can induee

Simulated and Observed SST at 100W, ON

27 | O =8 @ 1 I I 1 I ! I ) 1 1 T L T ' 1 1 Ij'

SST (°C)

Figure 1.4 Seasonal variations of SST at,0100 W in three cases. The SST

determined strictly byevaporation in the case of the dotted line, by evaporation
oceanic upwelling in the case of the solid line, and by evaporation, upwelling, a
presence of lowevel stratus clouds in the case of the dashed line. The heavy blac
corresponds tthe observed variations. In all three cases, a realisti¢ tirean state the
is asymmetric about the equator is specified; the model is forced by part of ar
varying solar radiation that is strictly antisymmetric about the equator; and the w
coast of the Americas coincides with a meridian (From Li and Philander 1996).

antisymmetric SST anomaly and further drives cexpsatorial windgvia fimeridional
wind-upwellingSSTo feedbacl, leading tothe SST change at the equatbrough
anomalous t@perature advection and heat fluxestheir coupled model, the northward
winds at the equator exhibit strong intensity towards the end of the northern summer and
weaken towards thend ofthe southern summer. Due to the surface evaporagéisulting

from these winds, the SST near the equatotaw in August and September, and high i
March and Apri) resulting in an annual cycle. The amplitude of this cycle is modérate,

it can beenhanced by considering the dynamic response of the ocean to the Wieads.

intense northward winds woulddoce upwelling and low SST at and to the south of the

11



equator The effect of lomevel stratuslouds can further amplify thisycle becausthese
cloudformations are due to cold surface waters, which cauagraspheric inversion and

reinforce it by futher cooling the surface waters.

Fig.14 illustratesthe relative effects of the abovementiopedcessedn addition to
the asymmetric mean state, the annual cycle in solar radiation associated @llthttbigy
of the Earthés orbit a n cquatoh alongavstly arsea t r vy
interactions and feedbacksociated with lowevel marine clouds, contribute to the annual

cycleof SST at the equatam the eastern Pacific

1.3 Impact of Tropical Pacific Mean Climate on ENSO

The equatorial eastern Pacific afsoa unique region in the global ocean wéh
pronouncednode ontheinterannuatimescale namely El Nifo Southern Oscillatiorit is
the most energetic interannual variation of the climate system on Earth in the tropical
Pacific, withunusual largescale oceanic surfa@@omaliesn the EEP (Rasmusson and
Carpenter 1982), argignificant environmental and societalpactsworldwide (Philander
1990). This phenomenon is known as ocedmosphere coupling and involvekse
oscillation of SST and atmospheric pressure over the equatorial Pacific -Ohyaa
timescaleEl Nifo refers to the warm phase of the oceanic component of ENSO, whereas
La Nifa is the cold phase. These phases are identified by significant SST anomdiies wit
warming or cooling occurring in the EERasmusson and Carpenter 1982; Philander 1983)
While the oceangraphic phenomenoiil Nifo was first discovered by Peru fishing men
in the late nineteenth centugn atmospheric phenomenon known as Southern Oscillation

which describes a pressure seebatween Darwin and Tahitiyas discoverety Gilbert

12
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Walker in1924.Originally, the study of the Southern Oscillation frormateorological
perspective andhe investigation ofEl Nifo from anoceanographi@erspective were
conducted separateliiowever, Bjerknes (1969) was the first to propose that these were
actually two aspects of the same phenomenon. From an atmosptaridpoint, the
pressurdluctuations associated with the Southern Oscillation are caused by anomalous
SST forcing in the equatori&acific. On the other hand, from an oceanic viewpoint, the
anomalous wind forcingesponses tohe pressurdluctuations create the SST anomaly
pattern observed duringl Nifo. This crcular reasoning suggests thhe interaction

between the ocean and the atmospptags a craial role.

Through atmospheric teleconnections, which are linkages of climate anomalies at
some distance away from the heat source region in the central or eastern equatorial Pacific,
ENSO nfluences extratropical climate patterns over North America and (&sip,
Ropelewski and Halpert, 1987he adverse effects of the ENSO on human health also
received much attention worldwide (Glantz, 200He very strong El Nifo of 19821983
was responsible for the loss of nearly 2,000 lives and displacement of hundreds of
thousands from their homes. Dghus and bush fires in Australia, South Africa, Indonesia,
Philippines, India, and South America caused these losses. In the meantime, there were
floods in the USA, South America, and Cuba. More tropical cyclones (TCs) than usual
affected Hawaii and Tahjtwhich were not hurricargrone regions (e.g., Sadler 1983;

Chu and Wang 1997; Chu 2004). The 198808 El Nifo was among the strongest events
in history. In fact, the 1982983 and 19971998 EI| Niio are the two strongest events in
the twentieth centuryand the 20152016 is the strongest by far in the twentiBtht

century. Because of droughts, floods, famine, and disease, the death toll associated with

13



the 19971998 EI Nifo was more than 20,000 resulting from this event around the world.
ENSO also infiences marine ecosystems, agricultural production, public health, and other

human activity(Fig.1.5) (Chu andviurakami 2022.

The tropical climate state is a primary factor in determining an atmospbeas
coupled stability for the ENSO systdim 1997b; An and Jin 2000; Fedorov and Philander
2000; An et al. 2020Previous studieshat haveshedlight on the relationships betwee

thetropical eastern Ri#fic mean stateand ENSCQCareintroducedn this section

Water-borne
diseases

Rift valley

fever \

Malaria

Infectious \
diseases

D
e Malaria,
o ) dengue,
Warm — — - Dry and Warm -« Wet and Warm r cholera

Figure 1.5 Public healtimpacts of the 1997998EI Nifo event.Credit: NOAA-OGP.

It has been shown that the Pacific mean state, with a pronounced cold tongue (warm
pool) to the east (west), a zonally tilting thermocline structure with a strong vertical mean
temperature gradient to the east, is criticaldetermining the preferred location of

maximum SST variability associated with the ENSO (Philander 1990; Li and Hsu 2018).
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While the annual mean solar radiation is zonally symmetric, thenemsstasymmetry of

the Pacific mean climate arises from the fogcof trade winds causda; the rotation of

the Earth and is amplified by various positive oecainosphere feedbacks (Philander et

al. 1996; Li 1997a). The eastest asymmetry in the mean SST field is accompanied by
pronounced easterlies at the equatompas of the mean Walker Circulation, and strong
mean upwelling and zonal and vertical temperature gradients in the eastern and central
equatorial Pacific, all of which permit an effective-s@ra coupling on the interannual
timescalein the eastern equatal Pacific, leading to the ENSO growfkig. 1.5). The
positive feedbacks relevant here include zonal advective feedback and-pikmpimg

induced upwellingeedback (Li 199@).

The impact of the mean state on ENSO can also be inferred from its phase locking to

Normal Conditions El Nifio Conditions

ﬁ‘:?'?‘ Convective
Pl Circulation
H
2

Equator

Thermocline

120°E B0°W 120°E 80°W

Figure 1.6 Schematic diagram to illustrate atmospheric and oceanic circulation
equatorial plane during the climatological mean condition (left) and anom
atmospheric and oceanic circulation (right) during BheNifo (Images are from thi
NOAA website atttp://www.pmel.noaa.gov/elnino/what-el-nino. Credit: NOAA)

the annualcycle (Rasmusson and Carpenter 1982; Galanti and Tziperman 2000; An and

Wang 20Q; Chen and Jin 2020): Blifo events usually start in boreal spring, grow during
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Figure 1.7 Composite temporal evolutions of MLTAs (unit: €) for selected (bar) :
all (green curveEl Nifo (a) and La Nina (b) events. Red bars repreEémMifo (La
Nina) developing phase, blue bars repregdnilifo (La Nina) decaying phase, at
orange bars repsentEl Nifo transition (La Nina réntensification) phase. Selecté&d
Nifo cases include 1982983, 19911992, 19941995, 199¥1998, 20022003, 2004
2005, 20062007, and 200010 events, and selected La Nina cases includei 1
1984, 19951996, 19981999, 20072008, and 201011 events (From Chen et
2016).

the summer and autumn, reach their maximum intensity in winter and decay rapidly during
late winter angspring(Fig. 1.6), and so doeka Nifa ever (Fig. 1.6b) It has been noted

that the mature stage of ENSO often occurs in northern winter (DBi#.seasonal
synchronization of ENSO translates into the observed eastern equatorial Pacific SSTA
variance peaking during boreal winter and attaining minimum valuesgdspring
(Timmermann et al. 2018)which implies that ENSO may be modulated by the

climatological annual cycle, as SST in the eastern equatorial Pacific exhibits a remarkable
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annual cycle with its amplitude comparable to ENBOt how doeghe seasonal cycle

play a role in the physical mechanisms that lead to the ENSO phase locking to the end of

the calendar year?

Table 1.1Summary of model runs used in Tziperman el al. 1997

Averaged event Looking to
Run Seasonal fields (°C) seasonal cycle
Standard All 2.1 Oct—Dec
Annual None 0.0 —
SST SST 0.8 Jun—Jul
DIV Wind divergence 2.8 May—Dec
UPWEL Ocean upwelling 0.0 —
WIND Wind velocity 0.0 -
uv Ocean currents 0.3 Sep
perpet (Perpetual month background) (See Fig. 6) —
DIV + UV Div and currents 2.4 Jul-Dec
DIV + SST Div and SST 3.1 Oct-Nov
DIV + SST-heat Div and SST heating 2.8 Jun—Sep
DIV + SST-eqn Div and SST equation 2.6 Sep—Dec
DIV + SST-lim Div and SST 30°C limit 2.7 Oct-Jan
DIV + UPWEL Div and upwelling 2.8 (Mar—Aug)
DIV + WIND Div and wind velocity 2.4 Aug—Nov and Jan-Feb
DIV + SST + UPWEL Div, SST, and upwelling 2.6 Oct-Dec
NO:UV All but currents 2.6 Sep—Dec
NO:Div All but wind div 0.0 —
NO:SST All but SST 1.9 Jun—Jan
NO:SST-heat All but SST heating 1.8 Oct-Dec
NO:SS8T-eqn All but SST equation 1.9 Aug-Dec
NO:SST-lim All but SST 30°C limit 1.9 Sep—Oct
NO:UPWEL All but upwelling 35 Oct
NO:WIND All but wind velocity 2.0 Sep—Nov

Tzipermanet al.(1997) investigatedhe mechanisms afeasonaENSO interaction
by using the Zebiak and Cane ENBf@diction model. Andt has beeround that the most
dominant seasonal effect is due to the wind divergence field, as determined by the seasonal
motion of the ITCZ, through its effect on atmospbdieating. The nexbrder seasonal
effects are due to the seasonality of the background SST and ocean upwelling velocity
Table 1.1). However, even in this simplified modelhe mechanisms of seasonal

interannual interaction are not simple to isoldteom the viewpoint oequatorial ocean
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waves(Tziperman et al. 1998the explanation is based on incorporating a seasonally
varying coupled oceanatmosphereinstability strength into the delayed oscillator
mechanism for the ENSO cycle. It is shownFig. 1.7 that the seasonally varying
amplification of the Rossby and Kelvin oc&awaves by the coupled instability forces the

ENSOevents to peak when this anfijgiation is at its minimum strength, at the end of the

calendar year.

0.8
0.6-
0.4+

0.2},

02" |
JFMAMJ JASONDJFMAMJ JASONDJ

Figure 1.8 An event from the solution of the delayescillator equation marked by h(i
together with the seasonally varying
KW is of the Kelvin wave term; RW denotes the Rossby wave term; d denot:

dissipationithe curve marked RW + d is the sum of the Rossby and dissipation
Thex-axis is in months.
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Li (1997) addressed a seasdapendent coupled instability mechanism to explain the
phase locking featurthatthe ENSO growth rate is maximum (minimum) in September
(March), which implies that eastern Pacific SSTA grows rapidly in northern fall and
reaches a maximum value in northevimter (Fig. 1.8a). After that, the SSTA starts to
decay. The cause of the seasl@pendencoupled instability is primarily attributed to the
annual cycle of background mean upwelling velocity and background mean SST gradient,
both of which retain a maximum value in northern fall, when the cold tongue is strongest
Li and Hsu 2018 further prodehis with an annual mean background stafecified model
running for 1000 year$-ig. 1.8b illustrateghe number obccurrencesf the peakel Nifo

phase when a seasonally varying background state is given, and the El Nifo peak phase

occurs mordrequently in northern winter (DJF), which is consistent with the observation.

So far, to explain the ENSO phase locking feature, in addition setsordependent
coupledinstability (Li 1997b; Tziperman et al. 1997, 1998 echanisms concerninge
effect of El Nifo induced easterly anomalies in association with the occurm@naa
anomalous anticyclone in the western Pacifidang et al. 1999 and the nonlinear
interaction between ENSO and the annuyale (Jin et al. 194; Tziperman et al. 1994,

Chang et al. 1994; Stein et al. 2010, 2014) cbeldesponsible as well
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(a) Seasonal Dependence of the Interannual Modes

ST T T T T 1 T 1 1 1%
js]
2 8
z a-
S 3
3
G I | .g:
-05 | | | | | | | | | | | 2
"D J FMAMUJJ A S OND
Time (month) —
(b) 30
25
:
g 20
3
~.215
£ 10
=
=
5
D_

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1.9 (a) Growth rate (solid curve) and frequency (dashed curve) of the E
mode calculated based on the simple coupled model as a function of the specified
mean state (from January through December) (From Li 1997). (b) Occurrenceedf
Nifo peak fhases at each month when an observed background mean state (in
mean upwelling velocity, mean zonal SST gradient, and mean ocean stratificatic
specified in the modedf Li (19970). Themodel was integrated for 1000 years.
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1.5 Research Objective

As known thatthe mean state SST pattern in dastern Pacifiexhibits a meridional
asymmetry with warmer (cooler) temperature to the north (saftthe equatorThe
equatorial cold tonguand its attendant frontal zone showsteong seasonality and is
strongest in September/October and weakest in March/&pachEl Nifo (La Nifia) event
hasits own characteristic onset and demise time, duration, evolution pattern, magnitude
and location of maximum warmingyropagation direction, and so on. Although each
episode behaves differently, there is a tenddncythe maximum amplitude of major
events to occur near the end of the calendar year, so it isplcked to the annual cycle.

As a dominant interannual vability in the tropical Pacific, is ENSO capable of
modulatng theclimatestateoverthetropical eastern PacificThere were some empirically

based studies to address this problem.

For instance, a residual due to El Nifo and La Nifa amplitude asymmetry during their
mature phase was suggested to play a role in modulatinggahieal Pacific decadal
variability (e.g, Sun and Yu 20090gata 2018 but such a hypothesis is faulted be t
asymmetry at onime level cannot determine the outcome of the {tmmg average result.

Note that observed SST anomalies in #uatorial eastern Pacific exhibit a marked
asymmetric evolution between EIl Nifo and La Nifa (Chen et al. 20¥#)ile EI Nifo is
characterized by a rapid decay after its peak and a fast phase transition to a cold episode in
the following winter, La Nifa often persists to the second and even yigiad (Ohba and

Ueda 2007; Okumura and Deser 2010; Chai.€2013; DiNezio an®eser 2014; An and

Kim 2018) so that despite tHargeinterannual variability and amplitude asymmethe
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combined effect of ENSOO6s warm and col d

considering their differences in evolutions

A possible process through which the ENSO modulates the mean state is through a
nonlinear rectificatioreffect (Sun and Zhang 2006; Liang et al. 2012; Sun et al. 2014; Hua
et al. 2015). Kessler and Kleeman (@D@roposedhe concept of nonlinear rectification
in examining the nonlinear ocean dynamical impact on ENSO by-tdliBed high
frequency wind fluctuations. With the aid of a simpledomder nonlineamodel, Liang et
al. (2012) found that the Pacific nreatate, particularly cold tongue mean SST, could be
significantly modulatedoy enhanced ENSO variability under global warming. They
indicated that the rectification arose from nonlinear advective proc&¥bds.the result
from the simple box model igteresting, it is worth mentioning that the procedure
regulating the SST in the model is too simple. Two boxes described the equatorial western
and eastern Pacific SST change. The model's only nonlinear advective processes regulating
the eastern (westerng€ific SSTA are vertical (zonal) advection. Therefore, it is necessary
to develop a new strategy to reveal the ENSO nonlinear rectification effect on the mean
state from an observational analysis perspective and an ideamgued general

circulation moeling perspective.

ENSO, on the other hand, may exert a great impact on the aryulal(Gu and
Philander 1995). It has been shown that the annual cycle tends to be weaker during the El
Nifo periods and stronger during the La Nifa periods (Gu and Philah885; Xie 1995).

Gu and Philander (1995) hypothesized that such an ENSO impact on the annual cycle is
through the change of the mean thermocline depth and the strength of trade winds. For

example, during the warm phase of ENSO, the ntearmocline depth becomes degper
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which may lead to weaker dynamic atmospfmrean feedback. Howevye€Chang and

Philander (1994) and Li and Philander (1986pwed that the annual cycle is affected
primarily by oceanic mixedayer processes, so the ENS@uced thermocline change
may have a minor impact on the annual cy8e.far, specific processes through which

ENSO affects the annual cycle in the eastern equatorial Pacific remi@rexplored

From the above discussion, itirspiring that thaneanclimate and ENSO over the
tropical eastern Pacificaninteract with each other, but the understanding of the upscale
feedback which can also be indicated asectification effectjs limited and elusiveThe
overall objective of this dissertation research is to reveaialleeof ENSOin modulating
the clmate stateaiming to deepen our current understandinthefelationship between
the multiscale interactiom and improve the capability of the stafeart global climate

models inpredicting the future climate stad@d associated ENSO variability.

The main dissertation research is organized as follGWapter Zxplores the role of
ENSO on the mean state stage re-visit the questiomf to whatextentENSO may rectify
the tropical eastern Pacific mean staesimple analytical heat budget model has been
constructedo clarify the ENSO nonlinear rectification effect on the mean dtata an
observationatliagnostic perspectiv&hemain results concerning the differences between
the period mean states with and without ENSO variability in thewvedd observation are
presented To further examine the ENSO impact,idealized numerical modeling
experimentsvith OGCM have beemppliedin Chapter 3In Chapter 4a reconstruction of
the analytical model between tvgteady statebas beenutilized to unveil the specific
dynamic (i.e., threglimensional temperature advection in the oceanic mixed layer) and

thermodynamic (i.e surface heat fluxes) processes through which ENfi@encesthe
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equatorial eastern Pacific annual cy@dapter summarizes the resulisddiscusseshe

remaining open guestioassociated with this dissertation research
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Chapter 2. Investigation of ENSO Impact on the Mean State in
an Analytical Model

2.1 Abstract

The role of theEl Nifo -Southern OscillationENSO) in modulating the mean sea
surface temperature (SST) in the tropical eastern Pacific is investigatdthpter 2A
strategy is developed to separate the observational record from 1958 to 2010 into two
groupsas twosteady statesvhich areENSOand norENSO periodsFollowing Zhang
and Li 2014 ,a simple analyticaheat budgeframework is constructed tquantitatively
delineate the contributions of oceanic dynamic heating (ODH) and surface heat fluxes to

rectifying the mean SST.

It is found that the differences in the mean SST between the two periods are evident,
though minor, despite distinctive intemual SST variabilities. Both linear and nonlinear
ODH, as well as surface heat fluxes, contribute to this slight mean SST difference.
Although the amplitude of the linear ODH associated with ENSO is large, its impact on
the longterm mean SST is small teuse the sign of its contribution changes between El
Nifo andLa Nifa phasesThe nonlinear ODH, on the other hand, has the same sign during
the warm and cold episodeshich may potentially rectify the mean statéowever, its

accumulated effect aime mean SST is small due to its weak amplitude.
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2.2 Introduction

As discussed in tharevious section, ENS{Sthe most energetic interannual variation

of the climate system on Earth, walsignificantimpact on theenvironmental and societ
worldwide (Philander 1990) he tropical Pacific experiences strong fluctuations in SST
and surface windswhich arethe defining characteristics of ENSO (Rasmusson and
Carpenter 1982)lTh e E NS OO6 s g r hy positive feesbaaks bietwesmocean and
atmosphere (Bjerknes 1969; Philander et al. 1984; Hirst 1986, 1988; L)l 9#Tile its
oscillation is the result of a delayed oscillator involving equatorial ocean waves (Schopf
and Suraze 193 Battisitiand Hirst1989)and a recharge oscillator involvingriations in

the zonal mean thermocliridéin 1997; Li 1997h)

The stability of the@tmospher@cean coupling in the tropical climate state is a crucial
determinant of the ENS&ystem (Li 1997b; An and Jin 2000; Fedoamd Philander 2000;
An et al. 2020)For instancestudies have demonstratidit he mean statis essential in
determining the preferred location of maxim@S8T variability associated with ENS@
the eastern and otral equatorial Pacifiayvherethemean upwelling andonal andrertical
temperature gradiemtare very strongfavoring theeffective airsea couling on the

interannual timescale and thHINS O6 s .gr owt h

As a dominant interannual variability in the tropical Pacifiow ENSO may
modulatethe Pacific mean statemainelusive.There were some empirically based studies
to address this probleas described in the previous sectiblote that gpossible process
through which the ENSO modulates the mean state is through a nonlindfaratexst

effect Sun and Zhang 2006; Liang et al. 2012; Sun et al. 2014; Hua et al. BoWEver
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guestions remain unsolved whetheh e ENS OG6 s r ehadaisifnificamt impaotn r e a |

on the mearstate in the real world as well as in ttlenate modelsTherefore,in this
chapter,the impact of ENSO on the mean state has beemestigatedto deepen our
understanding of thguantitative role oENSQOinduced influences from both dynamic and

thermodynamic aspecigth observational analysis

The remaining part of thishapteris organized as followsChapter2.3 describes the
observational data used in this stualydthe observational analysis stragedhe main
results concerning the differences between the period mean states with and BENB®
variability in the realworld observation are presented @ihapter2.4. Discussion and

conclusions arprovided inChapter 5.

2.3 Data and Methods

2.3.1 Observational datasets

Observational data used for the current study include OReamnalysis System 5
(ORASDS) (Zuo et al. 2019), the fiftfpeneration atmospheric reanalysis ERA5 (Hersbach
et al. 2A8), the Simple Ocean Data Assimilation (SODA) (Carton and Giese 2008),
version 2.2.4 products (SODAv2.2.Zhese datasets contdire threedimensional ocean
current and temperature fields (the vertical currents are calculated by the oceanic continuity
equation), surface atmospheric wind, temperature, geopotential height, specific humidity
fields, and surface radiation and heat flux fieldghwhe period from the year 1958 to
2010. The ORASS5, which is a product of the global epelymitting oceassea ice
ensemble (5 members) reanalyaislysis system, haa enterpolated horizontal resolution

of 1°by 1°in the tropics and 75 vertical levelwith a 10m resolution in the upper ocean
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while the ERA5 has a regular global-lah grid of 0.25 degrees for the reanalysis and
hourly temporal resolution. The SODA dataset has a 0.4°by 0.25°horizontal resolution

and 40 vertical levels with 1@ spacing in the upper ocean.

In addition, surfae heat flux products such as surface net shortwave radiation, surface
downward longwave radiation, and surface latent and sensible heat fluxes that are
calculated with neasurface specific humidity and temperature and sea level pressure are
from NOAA-CIRES 20th Century Reanalyqi20CRv2 (Whitaker et al. 2004Compo et
al. 2011), which are used for comparison with the BERPhis dataset provides the first
estimates of global atmospheric fields from 1871 to the present -&oarly temporal
interval and 2spatial resolution. Intercomparisons with independent radiosonde data

indicate that the reanalysis is generally of high quality (Compo et al. 2011).

As for SST datasets, the Extended Reconstructed Sea Surface Temperature version 5
(ERSST V5) (Huang et al. 2017) from the US National Climate Data Center (NCDC), with

a horizontal resolution of 2°by 27 and HadISST (Rayner et al. 2003) from the Met Office

Table 2.1 El Nifo and La Nina event years classified by NOAA, Hadley SST,
ERSSTV5 from 1958 to 2018ears after 2010 are in parentheses. Bold highlights
years defined asl Nifo or La Nina events based on all scenarios.

1958~2009  El Nifio La Nifia
2010~2018
NOAA 1958, 1963, 1965, 1968, 1969, 1972, 1976, 1977, 1979, 1982, 1964, 1970, 1971, 1973, 1974, 1975, 1983, 1984, 1988, 1995,
1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, (2014, 1998, 1999, 2000, 2005, 2007, 2008, (2010, 2011, 2016,
2015) 2017)
19+2 16+4
Hadi 1963, 1965, 1968, 1969, 1972, 1976, 1977, 1982, 1986, 1987, 1964, 1970, 1971, 1973, 1975, 1983, 1984, 1985, 1988, 1995,
1991, 1994, 1997, 2002, 2004, 2006, 2009, (2014, 2015) 1998, 1999, 2000, 2007, 2008, ( 2010, 2011, 2017)
1742 I5+3
ERSSTvS 1963, 1965, 1968, 1972, 1976, 1982, 1986, 1987, 1991, 1994, 1961, 1962, 1964, 1967, 1970, 1971, 1973, 1974, 1975, 1984,
1997, 2002, 2004, 2006, 2009, (2014, 2015) 1988, 1995, 1998, 1999, 2000, 2007, 2010, (2011, 2017)
15+2 1643
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Hadley Centre Sea Ice and SST dataset, with a horizontal resolution of 1°by 1; are used,

covering the period from 1958 to 2019.
2.3.2 A simple analytical heat budgetodelwith two steady states

The role of ENSO on the mean state, especially the impa@&NSGinduced
nonlinear ocean heating, may be assessed directly through an observational analysis. Here
we develop a strategy to evaluate the relative roles of ElN&@ed ocean dynamics (i.e.,
threedimensional temperature advection) and surface fheas in rectifying the mean
state by separating twaieady statesan ENSO state and a normal (FBNSO) state. An
ENSO state contains all ENSO years (i.e., 31 years out of 52 years, from ERB&IIe5,

2.1) defined according to the NOAA definition (events are defined as five consecutive
overlapping 3month periods atroabove the +0.58nomaly for El Nifo events and at or
below the-0.5°anomaly for La Nifa events based on the runningndnth mean SST
anomaly for the Nife3.4 region). The SST anomalies are based on thetésngmean of
19582010 instead of centered-§@ar base periods updated every five years. An ENSO
year is defined from May 1 (or July 1) of its developing year to April 30 (June 30) of its

decaying year.

Assume that both the ENSO year (31 years) group and the normdEK®0) year
(21 years) groupra approximately ira steady stat@.e., their respective loagerm SST
tendencies vanish), one may derive the following balance between the ocean dynamics

effect{'O  and the net surface heat flux effett(

~

10 10 T, (2.1)
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wherd denotes the timeean difference between the ENSO state and theENSO
state, the first term on the ldfand side denotes the difference of the net surface heat flux

that consists of five components as follows:
70 =0 10 70 70 70, (2.2)

where0  denotes net shortwave radiatiah, and0  are upward and downward

longwave radiationp is surface latent heat flux, antl is surface sensible heat flux.

The difference in the upward longwave radiation at the ocean surface can be

approximately written as

10 7,°Y1 Y, (2.3)

where an overbar denotes the climatological mean state during20988andY denotes

the sea surface temperature.

Surface latent and sensible heat fluxes may be calculated using the followkng bu

formulas, following Xie et al. (2010) and Zhang and Li (2014):
0 "00wn N

DOwn YOn

"HEmp Y@ R, (2.4)
0 "HO0mY Y
" 00 wY (25)
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where” is surface air density) is the latent heat of evaporation andis the specific

hear capacity at constant pressdreandd are the heat exchange coefficients of and

~

0 respectivelywis surface wind speed, RH is surface relative humidity zéifdenotes
the difference between sea surface tempera¥eiad neassurface air temperatui®. The
ClausiusClapeyron equation has been applied to derive Eql (#), 1 0"y
Y T'Y Y'Y , wherer is saturated specific humidity of surface pir, 0 TY'Y'Y,'Y

is the idal gas constant for water vapor.

The surface latent heat flux difference term may be further decomposed to two terms,

with the first term being relevant to SST change:

ro 1YhR 0 TFYY, (2.6)
and the second term being a residual, reflecting atmospheric processes
10 70 Juv 8 (2.7)

Similarly, the sensible heat flux difference term can be separated to the following two terms:

o) YRt "6 6 —, (2.8)

and
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10 10 10 . (2.9)

By substituting each of the flux terms into E2.1]), the difference of lonterm mean

SST between the two states (i.e., ENSO andENBSO states) can be expressed as

¢

1'% (2.10)

where the denominatér T1,"Y | 0 [ wis the function of the climatological

mean state. By diagnosing the relative contributions of five terms in the numeratdr bas

on the observations, one may determine to what extent the mean SST difference between
the ENSO state and the normal state is determined by the difference of various heat flux
terms (e} O ,5 0 ,1 0 andl 0 )and oceanic dymaics] O , latter of which
consists of linear and nonlinear temperature advective processes. Through the diagnosis of
Eq. 2.10), one may quantitatively estimate the effect of nonlinear temperature advection

associated with the ENSO on rectifying thean state.

If we consider sea water as an incompressible fluid in the mdueloteanic

temperature advection teri@ in Eg. .10) may be expressed as:
0 "6 "Qra " (2.11)

where” p p mE I is the density of watef T p ™TE o+ is the specific
heat of waterQ o 1 is usedo approximate the climatological mixdayer depth in the
eastern equatorial Pacifigy ~ 6fbR) represents the 3D ocean current, T2 &7

T &7 dadenotes the 3D gradient operator.
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To highlight the rectification effect of interannual variability, here we decompose the
velocity and temperature fields into three componepts, 1 w3 & 9
J||> , Where subscript stands for the climatological mean annual cycle compipne

subscripti denotes the interannual component, and subscriggnotes the residual

component. Hereaftéd T J “Ystands for nonlinear dynamic heatii@, TO
JY ¢ 7Y represents linear dynamic heating, T Q7Y represents the
climatological mean temperature advections, &nhd TIY 7+3%Y 190

Y 7Y Q7Y represents the sum of the residual component related advective
terms. Therefore, the sum of all terms above represents the total oceanic dynamic heating
(ODH)asO O 'O O O .The Butterworth bandpass with a period ebi

8-year filter was applied to extract the interannual component from thearigne series

at each grid point.
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It is worth mentioning that the quasquilibrium state approximation for the ENSO
and noRENSO states is validated based on the observational arsigsis in Table.2.
The periodmean SST tendencies during the 31 ENSO and 21 nomaas yare close to

zero, respectively.

2.4 Observational Diagnosis

This section intends to reveal to what extent the ENSO may impact the mean state
from an observational diagnosis perspective. The simple equilibrium state model is used to
diagnose theole of each of the dynamic and thermodynamic terms in E§O) in
modulating the mean state difference between the ENSO and normal year gigai2sl

ab display the Mo 3.4 index(5 S5 N, 170 W-120 W) time series from 1958 t8010
with SST data from ERSSTv5 and Heyllrespectively for comparison. Although the
interannual variabilities in terms of SST in those two datasets are conssight
differences exist due to the data bias so thatlesifed ENSO years based on different
SST datasets are also differastording to the same definitioas(seen in Table 2.1)

Table 2.2Periodmean SST C) and SST tendencyQ/year) in the EEP region from
ERSSTv5 span 1958 to 2010.

All NOML ENSO El Nifo La Nifa
(52years) (21 years) (31years) (15 years) (16 years)
Period Mean 26.52 26.51 2653 27.38 25.73
SST
Period Mean
SST Tendency -0.05 -0.02 0.01 0.04 -0.01
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Figure 2.2 (ab) Are yearly averaged SSTAQ, from May (0) to April (+1)) in the
eastern equatorial Pacific (EEP 344 N, 180~90 W) with SST data from ERSSTv

and Hadley SST, respectively. Red bars ard&fdMifo years, while blue and gray ba
for La Nina and normal years.-@) Are the same as-(t), except the yearly averag:
SSTA is from July (0) to June (+1).

According to the definitiofrom NOAA, from 1958 to 2009, 31 ENSO and 21 normal
(hereafter NOML) years are found from ERSSTV5, and 32 ENSO and 20 NOML years
from Hadley SSTTable2.1, Fig.2.2). The ENSO years contain 15 El Nifo years and 16
La Nifa yearsfor ERSSTV5, and their average values for each year over EEP are shown in
Figs. 2.2aandc with different oneyeardefinitions While for Hadley SST, the ENSO years
contain 17 EIl Nifo years and 15 La Nifa years with its yearly variations showsigs
2.2b andd, which are slightly different from the event years classified by ERSSTV5, but
their defined event years overall ar@sg to those defined by NOAA ¢ble 2.1). To
clearly show the difference in the SSTA variability between the steady stateg-igs.

2.3a andb illustrate the maps of the SSTA standard deviation during each of the two
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periods.The interannual SSTA variability is much greater (at |dastettimes larger) in

the ENSO years than in the NOML years.
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Figure 2.3 Horizontal distributions of the standard deviation of SSTA during the (¢
ENSO and (b) NOML years. A black box denotes the EEP region.

Despite the distinctive interannual variabilities between the ENSO and NOML
periods, the periothean SST in the tropical Pacific is quite simil@able 2.2 lists the
periodmean SST averaged over the EEP during the entigg p8riod, 21 NOML years,
and 31 ENSO years, respectively. Whereas the mean SST during El Nifo and La Nifa
years exhibit a 2€C difference, the mean SST values during the ENSQI@ML years
are almost identical, implying that the ENSO rectification effect on the mean state is very
weak. The details of the periodean SST differences between ENSO and NOML years
are further shown irFig. 24. Although there is a positive SST difference ovee

concerned EEP region, the amplitude is small, ranging from 0.16 to 0.52 according to the
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event years classified by ERSSTv5, Hadley SST,N@QAA (with ensemble SST) span
1958 to 2018 in both situations where one year is defined from MalM@®A (with
ensemble SST) span 1958 to 2018 in both situations where one geéine from May
(0) to April (+1) and from July (0) to June (+Ihe horizontal patterria Fig. 2.5 display
the fact thatthe SST differencebetween ENSO and NOML yeadsffer according to
different scenarioslue to the data bieand definitions however, the SST differences in
EEP indeedexist but with aminor amplitude, indicating thenoderateimpact from

interannualariabilities.

By diagnosing Eq.4.10) with observational data, one may reveal the relative role of

the ocean dynamics and surface heat fluxes in contributing to the mean SST difference.
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Figure 2.4 (a) The difference in periechean SST (unit: €) betwen the ENSO an
NOML years along the equatorial region (averaged 438 from 120 E to 88 W span
1958 to 2010, with one year defined from May (0) to April (+1) and blue, brown
red lines denote the ENSO and NOML years that are classified by ERSSTV5, |
SST, and NOAA (ensemble SST) respectively. (b) Is the same as (a), except t
year is defined from July (0) to June (+1)-drAre the same as-@ but witha period
from 1958 to 2018.
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Figure 2.5 The periodmean SST spatial differences between ENSO and NOML
composite under different scenarios with different SST datasets spanning 1958 t
Left column presents ongear definition from May (0) to April (+1), while right colurr
presents ongear definition from July (0) to June (+1). A black box denotes the
region.

Ocean data from ORAS5, SODA, and atmosphere data from ERA5 and 20CRv2 from 1958
to 2010 are compad. Fig.2.6 shows the longitudinal distribution along the equator of the
mean SST difference between the ENSO and NOML years and contributions from
individual five terms displayed on the righénd side of Eq2(10). The solid black curves

in Figs. 2.6a-c and gi show the observed mean SST difference between the ENSO and
NOML years, whereas the black dash curves represent the mean SST difference diagnosed

by different terms on the rigiitand side of Eq2(10). By comparing the observed and
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Figure 2.6 (a-c) Longitudinal distributions of observed (solid black) and estimated (
black, based on Eq. 10) periotkan SST differences along the equator (45~4f
Colored lines show the contributions from five individual terms in Eq. (10). Oceani
atmosyeric datasets are from ORAS5 and ERAS5f)(8ame as (@) except for the
averaged values in the EEP box (45~4N, 180%90W). (§ Same as (@), except the
oceanic and atmospheric datasets are from SODA and 20CRv2.
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estimated, one can conclude thia simple analytic model can reproduce the observed
mean SST difference well in general. Besides, the SST difference values of each term
averaged over the EEP bax & 1 . fp Y ftw 17 ) aredisplayed as Fig 2.6d-f and }l.

These values are generally small (less than 0.25), primarily when the ENSO state is defined
by ERSSTV5, which indicates that all dynamic and thermodynamic processes contribute

equally to the mean SST difference.

Within the dynamic andhermodynamic terms, the relatively more significant
contributing factors are surface net shortwave radiation and surface downward longwave
radiation, and they tend to cancel out each other. The oceanic dynamic heating (i.e., 3D
temperature advection) iseak. The following sections argoing to further addreghe

impacs from thermodynamic and dynamierppectives, respectively.
2.4.1 Features from a thermodynamic perspective

To further understand the opposite effect of surface net shortwave and longwave
radiative heating from the perspective of thermodynamics, we compared the spatial
patterns of SST, net surface shortwave radiation, downward longa@iation, and total
cloud cover anomalies associated with El Nifo and La Nifa composites is. RiJaf.

Their linear relationships with the cloud cover and SST fields explain the horizontal

patterns of the radiative fluxes.

For El Nifo, the warm SSTA in the equatoridhcific (Fig.2.7a) is accompanied by
more cloud cover, which, on the one hand, reduces downward shortwave radiation and, on
the other hand, increases downward longwave radiatiors. (Zigp-c). A mirror image
appears for the La Nifa compositEigs. 2.7d-f). The overall impact of the combinéd
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Figure 2.7 Horizontal patterns of (the first column) SST (€, from ERSSTV5), (
second column) surface net shortwave radiation (shade , Méhd total cloud cove
(contour, %), (the third column) surface downward longwave radiation (shadi )\
and total clouccover (contour, %) (Radiation and total cloud cover datasets are
ERADS) for El Nifo, La Nifa, ENSO and NOML year composites.
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Nifo and La Nifa on the mean state is shown in the thivd of Fig.2.7. Their net effect

is a weak positive SST difference in the EEP (Eigg) andconsequently, the accumulated

net impacs of the shortwave and longwave radiaticare similar to thosein El Nifo
conditionsbut with weaker amplitudes (F8g2.7h-i). It is interesting because the number

of El Nifo years (15) is less than that of La Nifa years (16). Nevertheless, the accumulated
effect of El Nifo years on the mea®ST is slightly more significant than the La Nifa
accumulated effect. Interestingly, the perradan SST, shortwave, longwave radiative

flux, during the NOML years, with the climatological mean values removed, are small and
have approximately the same patterns as those of the ENSO years but with the opposite

sign (Figs. 2.7j-1).
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Figure 2.8 Horizontal patterns of oceanic dynamic heatir@fonth, from ORASS)
for (a) El Nifo, (b) La Nina, (c) ENSO, and (d) NOML year composites.
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2.4.2 Impact obceanic dynamic heating

Forthe ODH fields, Figs. 2.8a andb depictexpectedpositive (negative) heating over
the equatorial Pacific for El Nifo (La Nifa) composite with the larg@luecenter located
at the eastWhile the accumulate@®DH fields for ENSO and NOMLyears areboth

negatecandshowinversedsigns(Figs. 2.8c andd).

Despite distinctive SSTA variabilities during the ENSO and-BbBISO years, the
effect of the ODH, particularly nonlinearceanic dynamic heatingn the mean SST
remains essentially the sami@ explore thesffect from ODH, we decomposed ODH into
four commpnents Fig. 2.9 showsthe time series of the total ocean temperature advection
(or ODH) term and its decomposed nonlinear ODH t€&m linear ODH termO
climatological ODH ternO and residual teri® averaged over the EHRom 1958 to
201Q Note that the total ODH oscillates around the climatological annual cycle component

O 8rheir longterm average has a negative value, implying that the ocean dynamics play
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Figure 2.9 Time series obDtt (total ODH; black) Dii (nonlinear ODH; red)Dic (linear
ODH; blue), Dcc (climatological annual cycle ODH; green), abds (the residual;
yellow) averaged in the EEP region from 1958 to 2010.
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a role in cooling the climatological me&ST in the EEP, offsetting the net heat flux

warming effect. Although thinear ODH termiO displays a strong interannual oscillation

in association with ENSO growth and decay, their net impact on the climatological mean

state is near zero. This is understandable because the linear terms contain the product of

the mean and perturbation fieldsydaa time average of such a product must vanish

according to the definition. The nonlinear ODH té@mamplitude is much smaller than

the linear counterpart, but interestingly, it keeps the same sign during the El Nifo and La

Nifa years
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Figure 2.10 (a) Composite temporal evolutionsii (solid red) andic (solid blue)
for El Nifo and La Nina, with red and blue dash lines, stand for th@drth average.
The ODH unit is €/month.
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To examine carefully how ENS@lated linear and nonlinear ODH terms evolve with
time, we plotted the composite evolutions@f andO for El Nifo and La Nifa,
respectively (Fig. 2.10a-b). It is evident thathe amplitude of the linear heatii@ is
much greater than the nonlinear heaiingfor both El Nifo and La Nifa evolutions. The
signs of the linear heatif@ are opposite betwedt Nifo and La Nifa, as expected. The
nonlinear heatin® has the same sign during El Nifo and La Nifa, and therefore it might
potentially affect the mean SST. However, themidnth average dD is one order of
magnitude smér than that ofO for both El Nifo and La Nifg indicating that the

amplitude of nonlinear dynamic heating is too small to make a significant impact.

Table 2.3 listgshe periodmean values of individual ODH terms averaged in the EEP
during the ENSO and NOML years from both ORAS5 and SODAv2.2.4. Note that both
the linear and nonlinear ODH term® ( and’O ) are near zero, implying that their
contributions to the climatological mean SST are negligible contribution fronthe
interesting ternO is also smallThe main contributor is the climatological component

(O ). The potential contributanonlinear oceanic dynami®© , specifically in three

Table 2.3 PeriodmeanDii, Dic, Dcc, Drs, andDtt (unit: €/month) averagedn the
EEP duringhe ENSO and NOML years as well as during El Nifo and La Nifa ye
El Nifo and La Nifa are divided by 31 years instead of 15 years and 16 years,rst
sum is the value of ENSO years. Bold numbers are from ORAS5, and numbers i
font in parenthess are from SODAv2.2.4.

EEP NOML ENSO El Nifo La Nife
(21 years) (31 years) (15 years) (16 years)
Dii 0.00(0.0) -0.02(0.00 -0.01(-0.0) -0.01(0.00
Dic -0.07(-0.07) 0.04(0.09 0.12(0.12 -0.08(-0.08
Dcc -0.56(-0.80 -0.56(-0.80 -0.27(-0.39 -0.29(-0.4))
Drs 0.03(0.03 0.02(0.09 0.02(0.0) 0.00(0.03
Dtt -0.59(-0.83 -0.52(-0.72 -0.15(-0.27) -0.37(-0.45

45



(@) Zonalll_Dii

(b) MerildionaI_IlDii .

2006
2001
1996

1991 o

.00

00

- 2006
2001
1996 —+

1991

2
=3

00

1986
150E

T
180

T
150W

c) Vertical_Dii |

T T
120W 90w

1986

150E

180

d) Dii

2006 —

2001 +

of

1996 —

1991 4 g

00

0g

1986

o
S

2

.00

00"

00

2006 -

2001 4

1996

1991

8

1986

150E 180 150W

120W 90w

I

150E

[

I

180 150W

[

-0.06 -0.04 -0.02

o

0.02 0.04 0.06

120W

oW

Figure 2.11 Longitudinattime sections (averaged ovetS~4N) of (a) zonal, (b)
meridional, (c) vertical, and (d) the sum of nonlinegeanic dynamic heatin
(unit: €/month) from the year 1986 to 2009.

directions,zonal, meridional, and verticatlvectionsare all very smallas shown in Fig

2.11a-c. The equatorial nonlinear ODH even exhibits negative impact fromAL2® 100

W, while positive impact residés both the east and west sidéshe negative center near

100 W and 160W (Fig.2.11d).

The horizontal patterns of the linear and nonlinear ODH fields during the ENSO
developing phase (from August tOctober)are shown inFig. 2.12. In the ENSO
developing phase,saone can see, a strong warming (cooling) tendend abccurs

during El Nifo (La Nifa) over most parts of theEP (Fig. 2.12a and §, with a pattern
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Figure 2.12 Horizontal distributions of (left) linear and (right) nonlinear ODH (uni

C/month) during EI Nifo (top) and La Nina (bottom) developing phase (from Augt
to October 31). A black box denotes the EEP region.

correlation of-0.97 over the EEP region (denoted by the black box). This contrasts with
the’O field, which shows a similar pattern between EIl Nifo and\i&a (Figs. 2.12b and

d), with a pattern correlation of 0.68 oxbe concerned region, indicating they have almost

the same contributions. Notably, a warming tendency appears in the far EEP, consistent
with Su et al. (2010). A negative nonlinear ODH appears in the western part of the EEP
box, and it offsets the posigvtendency to the east, leading to an overall negligible

contribution. This feature can also be found in Fig.2.11d.
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2.5 Conclusion andDiscussion

Motivated by a previous theoretical study that suggested that nonliceanic
dynamic heatingassociated with ENSO mighgotentially affect the mean SST, we
investigated the effect of ENSO rectification processes on the Pacific mean climate through
an observationaanalysisstudyin this chapterA simple analyticaheat budgetodel was
developed to quantitatively delineate the contributions of oceanic dynamic heating and
surface heat fluxes to the rectification effect. This methodology follows theoidéhang
et al. (2014), who studied the formation of future Pacific mean SST pattern under global

warming.

The result shows that the effects of surface heat flux processes are weak. Surface
downward longwave radiative heating tends to offset the netvednge radiative heating.
Even though lineaoceanic dynamic heatirtgrms are strong, they tend to cancel out by
ENSO warm and cold phases. On the other hand, the nonticeanic dynamic heating
terms have the same sign during El Nifo and La Nifa, beirticontribution to the mean
SST is weak due to their weak amplitude. The strong ENSO modulation seen in a simple
theoretical model (Liang et al. 2012) possibly results from the oversimplification of the
model, including the treatment of atmospheric wieshionses to SST, surface heat fluxes,

and oceanic horizontal and vertical advections.

Conclusively, or observational diagnosis indicates that the observed differences in
the mean SST between the ENSO andBBI$SO states are minor. The constructed quasi
equilibrium mixedlayer heat budget framework is further used to quantitatively estimate

the impact of each dynamic and thermodynamic term. Despite the distinctive interannual
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variabilities between the two states, ENSO's overall dynamic and thermodynamic
redification effects on the mean SST in the tropical Pacific are too weak to make a

significant difference.
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Chapter 3. ENSO Impact on the Mean State from OGCM
Experiment Perspectives

3.1 Abstract

To further confirmthe results from the observational analysigalizednumerical
experimentgan bedesigned tdurtherunveil the impact of the ENSO on the mean climate
with the same methoas introduced in th€hapter 2by contrasting the timenean state
of oceanicgeneral circulation modéDGCM) experimentsvith and without ENSOIt has
been proved in the numerical modeling experimtraswhile thelinear ODH linked with
ENSO exhibits aignificant amplitude, its impact on the letegym average SST is limited
because its contribution changes sign duringghidifo and La Nina phases. In contrast,
the nonlinear ODH has a consistent sign during both warm and cold episodes. Nonetheless,

its weak amplitude results in a small cumulative effect on the mean SST.

Furthermore, due to advancements in computer technology aciévwk®pment of
coupled models, along with improved initialization methods and advancements in
theoretical studies of crucial physical proces&¢SO hasecome the most predictable
climate modeat the time scales from months to seasdwesvertheless, accurately
predicting ENSO remains a challender instance, the precision of ENSO prediction in
global circulation models can hefluenced by therepresentation of the mean state
conditions which affects the developmennda behavior of BISO in the model
Consequentlythe behaviors of ENSO in models in association with its potential impact on

the mean stat@ turnis worth exploring.
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3.2 Introduction

In the previoushapter by separating observed records into an ENSO stateraomd a
ENSO state, we investigate the possible effect of ENSO on the mearwgtaten
equilibrium mixedlayer heat budget modfar diagnosisHowever, questions may remain
thatthe result from observational analysigght not beeliable due tdhe limitaion of the
dataset period.€., sample sizé€er ENSO and nofENSO yearsre small. Sun and Zhang
in 2014 contraskd the timemean state of two forced OGCM experimemtsh one
experiment force by the loAgrm mean surface wind stress, while titieer is forced by
the longterm mean surface winds stress plus the interaranmhalieso delineate the
rectification of ENSO on climate decadal dodger time scalednspired bythe lack of
samplesizeanBun and Zh adegiZedqumerecakekpermnentsianbedesigned
to unveil the impact of the ENSO on the mean climate by contrasting thentae state
of OGCM experimentsvith and without ENSQandwith the same methodologpplied

in the previous observational analyssurther confirmtheresult

Advantagef idealized modeling experimendseseen in many aspects as follows
The idealized model experiments can isolate specific processes that contribute to climate
variability, allowingusto study the impact ohdividual processes without the complexity
of the full climate systemThis simplification enablesis to determine té@ relative
importance of specific processes and asses their sensitivity to changes in climate conditions.
Besides,by simplifying the climate systemdealzed model experiments can provide
insight into the underlying physical mechanisms driving climate@bility, which can help
us develop more accurate models that better capture the behavior of the climate system

Moreover, idealized model experiments calsobe used to test hypotheses that cannot be

51



testedhrough observations or more complex simola For examplesesearchers cannot
perfectlyremovethe interannual signals in the pure observational studiesexcluding

the effectof a particular forcing mechanisror feedback associated with ENSO can be
tested in the models on the climagstem.In addition, since the observational dataset
periodis limited, with the help of modeling simulations, ENSO state andEBNSO state

can be produced with a larger sample size reducing the potential for sampling bias, which
generally leads to an irgase in the accuracy of the estimate and the generalizability of the

results.

With the advances in computer technology and the development of coupled models,
the improvements in initialization schemes, and the progress in theoretical studies of key
physical processes, ENSO has become the most predictable climate mode at théetime sca
from months to seasons, and thus ENSO predictions and predictability are of great
importance and have attracted broad attention over thedpeatle§Tang et al. 2018
Zhang 2019et al.) Accurate ENSO prediction provides decision makers with an
oppotunity to anticipate climateanomalies, potentially mitigating the societal and
economic impacts of this natural phenomenon. This can assist in the management of natural

resources and the environment.

However, ENSO prediction remains a challenging tas&ddition to model process
related issues, ENS@rediction skills can also benhancedby various techniques
including initializations and prediction procedur@&ng et al. 2018)For instance, the
accuracy of ENSO prediction in global circulation models can be influehgetthe
representation of the mean state conditions, which can influence the development and

behavior of ENSO, in the model. Therefore, in additioncémfirm the esults from
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observationaktudiesin Chapter 2with idealized numerical modeling experimerttse
behavios of ENSO inmodelsin association with its potential impact on the mean state

worth exploring.

3.3 Oceanic General Circulation Model Description

The model used for these experiments is the Community Earth System Model 2.1
(CESM2.1) ocean component, Parallel Ocean Program version 2 (POP2). POP2 is a state
of-the-art general ocean circulation model that solves ttari@nsion primitive guations
of rotational fluid dynamics and thermodynamics with standard approximations of
Boussinesq and hydrostatics. It is developed and maintained at Los Alamos National
Laboratory (Smith et al. 2010) and is the ocean component of the fourth verstan of t
Community Climate System Model (CCSM4) developed at the National Center for

Atmospheric Research (Gent et al. 2011; Danabasoglu et al. 2012).

The model uses the displaepdle coordinate grid with the pole centered over
Greenland and has a nominal horitedrresolution of 1° andthe Equator is typically
chosen as a grid line so that the numerical dispersion relation forghd Bnear Kelvin
waves is accurate. At resolutions coarser than about 1/25 the meridional spacing near the
Equator is enhancedo(about 1/2} in order to more accurately resolve equatorial waves
and currents, including equatorial Kelvin/Rossby wavdge ocean model has a finer
resolution when doing the calculationgertically, it resolves 60 depth levels with
resolution varyingrom 10-m in the upper ocean to 250 in the deeper ocean (Lucas et
al. 2013). For a detailed description of the model, readers are referred to Smith et al. (2010)

and Danabasoglu et al. (2012).
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3.4 Idealized Model Experiment Simulations with OGCM

3.4.1ldealized model experiment designs

Four OGCM experimentsvith atmospheric forcingire designed téurther confirm

the impact of ENSO on the tropical climate mean state in the EEP

In the control run (CTRL), the experiment is forced by JBAdaily atmospheric
surface fields containing 1M zonal and meridional wind, specific humidity, air
temperature at 1fh, sea level pressure, precipitation, surface downward longwave
radiation, and downward solar radiatifre., containing all forcings)rhe JRA55 has a
horizontal resolution of 0.5°by 0.5°and a B time interval(Kobayashi etl. 2015. The
subsequent section show that the CTRL successfully simulates Ni#&3[4evolution

from 1958 to 2010.

In a sensitivity experiment (EXP_NO _IA), theodel is forced by the JRB5 daily
surface fields for the same period with the interannual signals excluded by Butterworth 1
to 8year banepass filter. This sensitivity experiment aims to remove the ENSO signal so

that the time mean states of the twogwan be compared.

Another control runonly concerningthe long-term mean atmospheric forciraf
19582010 (EXP_AM) is appliedvith the samedaily JRA-55 atmospheric reanalysis
products Thereforethe longterm mean state of the ocean is simulated withoutdpaire

of any shorterm climate variability or changes that may occur ovep#red.

While in the othersensitivity experimen{EXP_AM+IA), the atmospheric forcing

includesthe longterm mean atmospheric forcing of 198810 plus the interannual signals
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Figure 3.1 Time series of NINO3.4 from 1958 to 2010 in (a) CTRL (red)

observation (from ERSSTV5, black) with correlation coefficient as 0.94,
EXP_AM+IA (red) and CTRL (black) with correlation coefficient as 0.92, (
EXP_NO_IA (red) and CTRL (black), and (d) EXP_AM (red) and CTRL (black)
correlation coefficients all passed 95% significance test).
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Therefore the timemean temperature differences betweenrtimewith ENSO and
the run without ENSO can delineate the rectification effect of ENSO events on the climate
mean statavith the application of the simple analytical heat budget model frameThe
effect from nonlinea®DH can also be quantified with tierdimensional outputs from the

conducted idealize® GCM experiments.

3.42 The OGCM simulation results

In the CTRL run, the OGCM is forced by observed daily forcing fields for-P2a®.
Fig. 3.1a shows the simulated NiA8.4 index from this run. The model can capture the
observed SSTA evolution in the region. The correlation coefficient between the suinulat
and observed time series is 0.94. In EXP_AM+IA, as showRig. 3.1b, the SSTA
evolution has a correlation coefficient of 0.92 with that in CTRL, indicating their robust
relationship and the ability of this experiment to capture the realistic obsateeghnual
SSTA variability. The realistic simulation of the interannual SSTA variability adds the
confidence to conduct a sensitivity experiment EXP_NO_IA, which is forced by idealized
daily forcing fields with their interannual variability removieg Butterworth % to 8-year
bandpass filter, and EXP_AM with lonterm mean atmospheric forcing only to further
reveal therole of ENSO on the mean state. As seehig. 3.1c, the SSTAvariability in
the Nifo-3.4 region in EXP_NO_IA is greatly suppressed, and so is in EXP_AM in Fig.
3.1d. The correlation coefficient of the Nif8.4 index time series between EXP_NO_IA
(EXP_AM) and the model observed one in CTRL is 0-0916), indicatinghat they are
unrelated.The interannual SSTA standard deviation distributiothenCTRL (Fig.3.29
resembles the observed, with a maximum SSTA variability center located at thettEP

for EXP_AM+IA, the maximum center appears in the far easterifi¢bat with a more
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Figure 3.2Horizontal distributions of the standard deviatiortte# 1- to 8-year band
pass filtered SSTAn (@) CTRL and b) EXP_AM+IA, with a black box denoting th
EEP region.

extension to the west near the die (Fig. 3.2b). As for EXP_NO_IA and EXP_AM,
however, due to the exclusion of interannual signals, the SSTA variabilities are not

detectable in these twaxperiments.

Given the distinctive contrasts of the interannual SSTA variabilities between the
CTRL and EXP_NO_IA, and EXP_AM+IA and EXP_AM, we are curious whether there
would be a significant difference in the mean climate stegshown in Fig.3.3, thelong-
term mean SST differences between CTRL experiment and EXP_N&dehAinor in the
concerned regigrwhile Fig. 3.3b displays the same featuesulting from the differences
between EXP_AM+IA and EXP_AMndicating thathe rectification effect of ENSO on

the mean state should imsignificant Furthermoreas proved ifFig. 3.3c theperiod mean
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Figure 3.3 Numericalmodeling results ofhie long-term mean SST spatial differenc
between (b) CTRL and EXP_NO_IA, (b) EXP_AM+IA and EXP_AM, and betwee!
ENSO and NOML year composite following the definitions associated with ERS
in CTRL experiment.

SSTdifferencebetween ENSO and NOML year compositeshe CTRL experimenis

alsosmallin the EEP regiomas we have found in the observational analysis

Fig. 3.4a displaysthe mean SST (solid black) difference along the equator between
the CTRL and EXP_NO_IA. As one can see, the SST differentenisr over the EEP.
This confirms the observational analysis that ENSO variability has little impact on
modulating the tropical&ific's mean state. Applying the same diagnosis framework with

Eg. (10), one may analyze the relative contributions of the dynamic and thermodynamic
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terms. The difference operator is between the model and observational diagnoses in the
previouschapter Instead of diagnosing the difference between the ENSO anBENSO

years, we now calculate the difference between the CTRL and EXP_NO_IA for the entire
model integration period. The longitudinal distributions show that the net effects of the

ocean dynamicand the surface heat fluxes are minor along the equator.
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Figure 3.4 Longitudinal distributions of simulated (solid black) and estimated (i
black, based on Eqg. 10) (a) letym mean SST differences between CTRL

EXP_NO_IA, (b) longterm mean SST differences between EXP_AM+IA ai
EXP_AM, and (c) periognean SST differences between ENSO and NOML yea
CTRL, along the equator (8~4 N). Colored lines show the contributions from fi

individual terms in Eq. (10).
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Figure 3.5Time series of Dtt (total ODH; black), Dii (nonlinear ODH; red), Dic (lin
ODH; blue), Dcc (climatological annual cycle ODH; green), and Drs (the rest; ye
averaged in the EEP region from 1958 to 2010 in (a) CTRL and (b) EXP_NO_IA.
thediffee nce bet ween (a) and (b). The wun

In comparison, the longerm mean SST difference (solid black) between
EXP_AM+IA and EXP_AM and the individual terms of dynamic and thermodynamic
contributions along the equator iRig. 3.4b depicts the same result, adding more

confidence to the weak modulation of ENSO on the mean climate state. Moreover,
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following the ENSO event year definition appliedtire Chapter 2ZENSO and NOML
years are separated in the CTRL, and their pariedn SST differeze (solid black) is also
close to zero in the EEP region, with tmatributionsof each dynamic and thermodynamic
term resembling the observ@gig. 3.4c) The numerical result generally agrees with the

observational analysis result showrthie Chapter 2

Following that method applied in the analysistlie previous chaptewe split the
ODH into nonlinear heatin® , linear heatindO , climatological annual cycle heatift |,
and the residudD . Fig. 3.5 and Fig. 3.6show the timeevolutions of the total ODH and
the decomposed individual ODH components in the CTRL, EXP_NCEXR_AM+IA,
and EXP_AM respectively. In all four expaents, the total ODH fluctuates around the
climatological annual cycle componddt with a negative timenean value that indicates
an overall dynamic cooling effect for the mean state. The linear ODHQerran the other
hand,shows a great difference between the CTRL and EXP_NO _IA, and so does between
EXP_AM+IA and EXP_AM This is @nsistent with strongNSO variability in the CTRL
(Fig. 3.5a)and EXP_AM+A (Fig. 3.6a) Due to the lack of ENSO variability, the linear
and nonlinear ODH terms are extremely small in EXP_NQHg. 3.5b)and EXP_AM

(Fig. 3.6b)

To illustrate the impaatf ENSO on the ODH more clearly, we show the differences
of each of the ODH terms between the CTRL and EXP_INGn Fig. 3.5cand between
EXP_AM+IA and EXP_AM in Fig3.6¢c As expected, the climatological OD$lidentical
in the two experiments, so that their difference is zero. The most considerable difference
arises from the linear ODH term, followed by the nonlinear ODH tithha rather smaller

amplitude, indicating its weak potential impact on the méate s
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Figure 3.6 Time series of Dtt (total ODH; black), Dii (nonlinear ODH; red), Dic (lin
ODH; blue), Dcc (climatological annual cycle ODH; green), and Drs (the rest; ye
averaged in the EEP region from 1958 to 2010 iregdp_AM+IA and(b) EXP_AM.
(c) is the diference betweermYand ) . The wunit for ODH

3.5 Conclusion and Discussion

To investigate theeliability of the observational analysigesultsin the previous
chaptey advancedidealized OGCM experiments are further desigt@donfirm the

findings. In a control experiment, the model is forced by observed daily atmospheric
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forcing fields. And the model can reproduce the observed ENSO variability in the tropical
Pacific. Three experiments are further conducted, in oménimh daily atmospheric fields
force the model with the interannual signal being removed (EXP_NO_IA), and two other
experiments are designed to make a further comparison. In one of them, thermong
mean atmospheric forcing of 192810 (EXP_AM) is appéd, while in the other, the
atmospheric forcing used is the letegm mean atmospheric forcing of 198810 plus the

interannual signals over the period (EXP_AM+IA).

Despite the great contrast in the ENSO variability, the experiments reproduce an
almost dentical longterm mean SST field, implying that the ENSO rectification effect on
the mean state is small. Using the same miagdr budget diagnosis framework for the
model outputs, we found that the rectification effect of atmospheric surface heatifluxe
weak, similar to the observational resul¥While the linear ODH shows a significant
difference, as expected, its accumulated impact on thetésng mean SST is minor.
Although the nonlinear ODH has the same sign during El Nifo and La Nifa evests, it
accumulated effect on the mean SST is small due to its extremely weak amplgwade.
attempt to investigate the ENSO rectification effect on the climate mean state with
numerical modeling experiments, this study could improve the accuracy in the tatean s
estimation over the EEP as an important condition for ENSO prediction not only for present

days but for the future climate under global warming as well.

However, some problems magmain for example,in those simulations, SST is
strongly, albeit noentirely, constrained by 1@ air temperature argpecific humidity as
aNewtonian dampingrocessThe CTRL experiment and EXP_AM+IA are forced by the

actual atmospheric fields that contain the observed interannual varjat@n€ENSO
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signals while the other two simulation&XP_NO_IAandEXP_AM, are forced bythe
atmospheric fields that so not ¢am the interannual ENSO variationalthough the
forcing fields in those four simulations differ in interannual variatitmey climatological
averages are identicaloncerns may arise d@e similaity results should be from the
model setup, particularly therescribed 16m air temperature and the Newtonian damping
process Therefore,actions need to be taken to remove the Newtonian damping impact
during the numerical modeling experiment operatitmnassure theonvincement of our

findings intheobservational analysis as well agfe numerical modeling experiments.
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Figure 3.7 Mean temperature differences in the equatorial upper ocean betwe

ENSO and NOML year composites from observation reanalysis datasets (ORAS
between (b) CTRL experiment and EXP_NO _IA.

Moreover,as found in Sun et 82014 and Hua et &015by applyingan OGCMwith

a restoring thermal boundarmgondition to underscore the impance of the subsurface
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ocean dynamics in the rectification effect of EN®#@ nonlinear dynamiseating(NDH)
exhibits significant positive signalis the subsurfacén the easterrPacific generally
corresponding tdaemperature increaseandto a lesser degree in the surface when the

restrictive boundary condition issed The strongegpositive NDHarealocated at 100
80 W and 30-60 m has correspondence with the strongest temperature ingredmsiesn

our researchfig. 3.7 also showsa similar featurein terms oftemperaturerom both

observation antbrcedOGCM experimentesults
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Chapter 4. M odulation of ENSO on the Annual Cycle

4.1 Abstract

The annual cycle of sea surface temperature (SST) in the equatorial eastern Pacific
(EEP) shows a distinctive change between the warm and cold phases of the -El Nifo
Southern Oscillation (ENSO), with a muehhanced cold tongue in boreal fall during La
Nifa than during El Nifo. The specific dynamic and thermodynamic processes through
which ENSO modulates the annual cycle during the various phase of the annual cycle were

investigated through an analytical heat budget model.

It is found that the modulation &NSO is primarily througlbceanic dynamic heating
processes, including anomalous temperature advection by mean vertical and meridional
currents and mean temperature advection by anomalous zonal and vertical currents. While
El Nifo (La Nifia) inducedincreasgdecreasedf column water vapor causes the increase
(decreasedpf downward longwave radiation and thus the weake(strgngtheninpof the
cold tongue, an enhancée@duced)surface latent heat flux due to the incre@serease)
of surface windspeed tends to strength@meaken)the cold tongue and thus oppose the
ocean dynamic effect. Such ENSO impacts persist from boreal fall to boreal winter and

weaken substantially during the subsequent spring.
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4.2 Introduction

The equatorial eastern Paci(EEP) is a unique region in the global ocean with the
most pronounced interannual SST variability, namely EI Nifo Southern Oscillation (ENSO)
(Philander 1990). Although its main SST and convective activities are in the tropics, ENSO
exerts great remotelimate impacts worldwide. Plenty of studies were conducted in the
past four decades to reveal the structure and evolution characteristics and fundamental
dynamics of ENSO, including its growth and phase locking mechanisms and its
teleconnection (e.g., Rmusson and Carpenter 1982; Philander 1983; Philander et al. 1984;
Cane and Zebiak 1985; Suraze and Schopf 1988; Li 1997b; Jin 1997; Neelin et al. 1998;

Chen and Li 2015; Chen and Jin 2020).

Another important climate feature of the EEP is its annual égdbeth the SST and
surface wind fields (Mitchell and Wallace 1992). While the incoming solar radiative
forcing at the top of the atmosphere is dominated by a semiannual (6 months) period as the
sun crosses the equator twice a year, the observed SSTréamk svinds both exhibit a
marked 12month period, with the cold tongue being strongest in September and weakest
in March. Similar to ENSO, the annual cycle also involves active atmospbeas
interaction processes. Relevant processes include meridiwima-upwellingSST
feedback (Chang and Philander 199hd-evaporatiorSST feedback (Xie and Philander
1994), and stratus clouddiationSST feedback (Li and Philander 1996). In a maklat
incorporates the aforementioned three feedback processes, Li and Philander (1996)
reproduced the observed strength of the annual cycle in the presence of the antisymmetric
annualharmonic solar radiation forcing and an equatorially asymmetricrieen state.

Given the similar amplitude of the annual cycle and ENSO (Bjerkness 1966, 1969; Xie
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1994; Li and Philander 1996), it is likely that there might be avag interaction between

the two modes.

A marked feature of ENSO is its phase locking to tieual cycle. It has been noted
that the mature stage of ENSO often occurs during the boreal winter (Rasmusson and
Carpenter 1982; Galanti and Tziperman 2000; An and Wang 2001; Chen and Jin 2020),
which implies that ENSO is strongly modulated by the clinagical annual cycle. So far,
the following mechanisms have been proposed to explain the ENSO phase locking feature.
The first is a seasetiependent coupled instability (Li 1997b; Tziperman et al. 1998). The
second is through the effect of El Nifo inducedsterly anomalies in association with the
occurrence of an anomalous anticyclone in the western Pacific (Wanglé89l. The
third involves the role of nonlinear interaction between ENSO and the annual cycle (Jin et

al. 1994;Tzipermaret al. 1994; Chag et al. 1994, Stein et al. 2010, 2014).

ENSO, on the other hand, may exert a great impact on the annual cycle (Gu and
Philander 1995). It has been shown that the annual cycle tends to be weaker during the El
Nifo periods and stronger during the La Niferiods (Gu and Philander 1995; Xie 1995).

Gu and Philander (1995) proposed a hypothesis suggélstitigNSO affects the annual
cycle byaltering themeandepth of the thermocline and the intensity of trade wibDdsing

the warm phase of ENSO, the theuire depth tends to increase, potentially resulting in
a weakerdynamicinteraction between thatmosphere and the ocedtowever, studies
conducted by Chang and Philander (1984d Li andPhilander (1996indicated that the
annual cycle igrimarily influenced by processescurring in the oceanic mixddyer,

implying that the ENSénduced changes in thieermocline might have a relatively minor
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impact on the annual cycle. The specific mechanisms through which ENSO influences the

annual cyte in the EEP are still not fully understood.

Motivated by the rationale above, in tolsaptey we intend to revisit this outstanding
scientific problem by developing an analytical approach to reveal the specific dynamic (i.e.,
threedimensional tempetare advection in the oceanic mixed layer) and thermodynamic
(i.e., surface heat fluxes) processes through which ENSO influences the annual cycle. The
remaining part of thichapteris organized as follows. II&€hapter 4.3 observational
datasets and analytical strategies are introd@ealpter 4.4xamines the effect of ENSO
induced dynamic and thermodynamic processes on the EEP cold tongue during its
maximum phase from August to October (ASO). The impacts of ENSO antl@l cycle
during ENSO6s mature phase (NDJ) and the

examined irChapter 4.5Discussion and conclusioasepresentedn Chapter 4.6

4 .3Data and M ethods

4.3.10bservational datasets

The primary ocean data applied in this study are the Global Ocean Data Assimilation
System (GODAS) reanalysis product (Behringer et al. 1998; Saha et al. 2006). The
GODAS is based on a quagobal configuration of the GFDL MOM.v3. The model
domain extendfom 7535 to 65N and has a resolution of 1°by 1°%enhanced to 1/3%n the
meridional direction within 10°f the Equator. The model has 40 vertical levels with a 10
meter resolution in the upper 200 meters. Forced by the momentum flux, heat flux, and
freshwater flux from the NCER atmospheric reanalysis, the GODAS assimilates

temperature profiles from XBTSs, tropical atmosphecean moorings, and Argo profiling
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floats. For this study, monthly GODAS ocean reanalysis datasets contain the mixed layer
depth below the sea surface, horizontal momentum flux, the 4thireensional ocean
current (the vertical currents are calculated by the oceanic continuity equation), and
temperature fields, covering the concerned period from the year 1980 to 2021. The
thermoclne depth is defined by the 2l@gree Celsius isotherm depth. The ocean heat

content (OHC) is determined by an integral from the surface tenQér for the
approximated upper mixed layer depth: OHG = " & "Y& Q@ whered is the

specific hat capacity of seawater, & is the seawater density profile, aié is the

temperature profile.

The monthly mean atmospheric and surface heat flux data are from thgehithation
atmospheric reanalysis (ERA (Hersbach et al. 2018) with a regulglobal latitude
longitude grid of 0.25 degree. The data cover the period from 1979 to the present. ERA5
is produced using 4Var data assimilation and model forecasts in CY41R2 of
theECMWEF Integrated Forecast System (IF@®)th 137 hybrid sigma/pressure (model)
levelsin the vertical and the top level at 0.01 hPa. The Extended Reconstructed Sea Surface
Temperature version 5 (ERSST V5) (Huang et al. 2017) from the US National Climate
Data Center (NCDC), with a horizontal resolution of 2°by 27 is used for the comparison

with mixed layer temperature (MLT).

4.3.2 Reconstruction of the simple analytical heat budget model

As the annual SST cycle and ENSO both have large amplitude in the equatorial
eastern Pacific (EEP) cold tongue, we will focus our analysis on this region120W,

5S5N). Because ENSO has a peak phase in northern winter, we define the annual cycle
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Figure 4.1Annual variation of (a) SST (unitC) and (b) MLT (unit: C) from

May (0) to April (+1) in EEP with (solid) lonterm annual mean remove
and (dash) climatological annual cycle removed. Red, blue, and black ¢
El Nifo, La Nina, and the climatological annual cycle, respectively.

from May of the ENSO developing year to April of the ENSO decaying year so that the
warm or cold phase of ENSO maintains the same phase throughout the annual cycle. The
so-defined annual cycles, along with the ENSO evolutions, are shofigs. 4.1a and b

For the longterm climatology (black curve), the EEP SST and MLT are the coolest in the
northern fall season ASO and the warmest in the northern spring FMA. Note that the cold
tongue in ASO becomes much weaker (stronger) during the El Nifo (La Nifa) asitep

As a result, a marked difference occurs between El Nifo and La Nifa during the coolest
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Table 4.1Seasonal mean SST values (ur@) relative to the longerm climatology and
the SST anomalies duririg) Nifo and La Nina years averaged in EEP.

EEP SST ASO (0) ND(0) J(+1) FMA(+1)
CLM -157 -0.74 1.87

EN - CLM 1.01 1.41 0.57

LN - CLM -0.64 -0.89 -0.33

annual cycle phase. Such an SST difference persists into the ENSO mature phase (NDJ)
and weakens rapidly toward the northern spring (FMPgble 4.1 lists the seasonal

dependence of the SST difference.

These existing differences suggest that ENSO poggntially regulate the meatate
annual cycleWe can explore the role of ENSO in regulating the mstate annual cycle
with the analyticaheat budgeinodelEq. @.1) regardingtwo steady state®llowing Xie
et al. (2010) and Zhang and Li (2Q1&s applied in the previous chaptévsassess the
impact of ENSO on the annual cycle over the EEP redilthough thederivation process
is the same, ate that for the studp f E NS O0 s differen seasonsEq. @.1) is

different fromEq. (2.10)in the previouschapter,

¢

1Y

(4.1)

where the denominatdr t,”Y [ 0 [ wshoulddepend orthe climatological
seasonamean.In this study, three seasons are chosen as the cold tongue coolest phase in
the northern fall ASO, the ENSO mature phase in boreal winter NDJ, and the cold tongue

warmest phase in the northern (or ENSO decaying) sprindy. FM
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To reveal the role of specific ocean advective procesggsding ODHn changing
the SST, we decompose the velocity and temperature fields into two components, with a
bar denoting the climatological annual cycle and a prime representing the interannual
anomaly. With the separation of the mean and perturbation variabésficspceanic
advective processes associated wi t h ENSOOGs
guantitatively assessed. In addition, to investigate the mechanisms for generating the ocean
current anomalies, winoshduced Ekman currents and geostrophic curraerésdiagnosed
by alinearreducedr avi ty model -plane fraanawor& fipllowsirtig Su &t al. | b

2010.

Theanomalous zonal and meridional geostrophic currents may be written as

and 4.2

Vp— (4.3)

Where'Q 181 ¢ @i is the reduced gravityy is the planetary vorticity gradient,
and Q& the anomalous thermocline degttere, the thermocline depth is represented by

the depth of 2QC isotherm. The anomalous Ekman currents are calculated baSéduon

and Philander (1994):

6 ——— and (4.4)

VR — (4.5)
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Wherej is the density of seawatet is the mearmmixed layerdepth;t aandt aare the

zonal and meridional wind stress anomalies, respectivelyj andpfc A A Uis the

dissipation rate.

4.4Influence of ENSO on the Cold Tongue duringhe Annual Cycle Coolest Phase

In this section, by applying the analytideéat budgemodel Eq.(4.1) in ASO, we
intend to diagnose how ENSO modulates the annual cycle. A special attention is paid to
the specific terms on the righaand side of Eq4(1) in contributing to the observed SST

change.

Fig. 4.2a dispays the longitudinal distributions along the equator of the SST
difference between the El Nifo composite and the loeign climatology and the
contributions of the individual five terms calculated based on the-mghd side of Eq.

(4.2). The solid black curve ithis figure illustrates the observed SST difference, whereas
the black dash curve represents the diagnostic result (i.e., sum of the five terms). The
diagnosed SST difference curve is quite close to the observed one, suggesting that the

current theoretidanodel is adequate to examine the ENSO impact on the annual cycle.

The comparison of the individual terms indicates that the largest contributions of the
El Nifo impact on the ASO SST arises from the oceanic dynamic heating term (ODH).
The heat flux term are in general weaker. In particular, the downward longwave radiation
has a weak positive warming impact, whereas the surface latent heat flux has a negative
effect. The net shortwave radiation and surface sensible heat flux show a minor influence.
Fig. 4.2b shows the values of these terms averaged over an equatorial eastern Pacific
domaint 3 ¢ . p ¢ twn7).
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Figure 4.2 ASO seasonal mean differences betweeE(&)ifo and climatology alon¢
the equatorial region (averaged fronB540 2N) concerning the observed SST (sc

black line), diagnostic SST (black dash line), and the contributions from five indiv
terms (colored lines). (b) The arameraged values overedfEEP from (a). (c) and (c
are the same as (a) and (b) except for La Nina.

The diagnosis results for the La Nifa composite are shiowkigs.4.2c and d. They
are in general in a mirror image in comparison to the El Nifo counterpart. Therefore, a

fundamental process through which ENSO affects the annual cycle is through the ODH.

Figs.4.3a and b illustraténe horizontal distribution of the ODH field for the El Nifo
and La Nifa composites. Here the climatological ODH field has been subtracted. As
expected, a strong dynamic warming (cooling) occurs during El Nifo (La Nifa). Note that

the center of the anonmals ODH field is confined to the EEP region. The ODH field is
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further decomposed into the zonal, meridional, and vertical advective components, and
their areaaveraged values ashiown in Fig. 4.3c. Notthat the ENSO dynamic impact on

the annual cycle iprimarily through the change of the vertical temperature advection,
followed by the meridional and the zonal temperature advection. Such an impact with
respect to El Nifo and La Nifa events displays a symmetric feature, implying the critical
role of lineardynamic heating terms. A further check of the relative roles of linear and

nonlinear oceatemperature advection terms confirms ligpothesis (Fig. 4.3d). Hetke
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Figure 4.3Horizontal distributions of the ASO seasonal mean ODH contrasts Bf
Nifo and (b) La Nina to the climatology. (c) The thidimensional ODH difference
between ENSO and climatology for the zonal, meridional, and vertical terms. (c
linear (D), nonlinear (Dn), and the sum of all ODH (Do) terms. Red and blue
represehcomposite results fdEl Nifo and La Nina, respectively. The ODH unit &0

e ED.
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linear terms consist of products of the climatological annual cycle and the interannual
anomaly fields, whereas the nonlinear terms consist of products of the interannual anomaly
fields. Fig. 4.3dshows that the linear advection terms are the primary contributor to the

warming (cooling) effect of El Nifo (La Nifa) in the EEP.

The contributions of individual advectidarms are showm Table4.2. The major
contributors of the ENSO modulation of the annual cycle are the anomalous temperature
advections by mean vertical and meridional currentsl ('@ ¢ U & § anomalous

zonal advection (6% & and anomalous vertical advection0 &Y &

To understand physically how these terms work, we plotted the vertexadional
crosssections of the anomalous ocean temperature and climatological current field in ASO
(Figs. 44a and b)The climatdogical meridionalvertical ocean circulation can be depicted
by the subtropical cell (STC; McCreary and Lu 1994), with poleward currents at the surface,
equatorward currents at the subsurface and upwelling over the equator. The STC acts to
interchange watr and heat between the subtropical and the equatorial oceans. During El
Nifo (La Nifa), equatorial subsurface water is warmer (cooler) than the surface water. As

a consequence, the mean surface meridional and vertical currents advect anomalous warm

Table 4.2 Decomposed anomalous nine terms of the tdiewnsional ODH
(unit: 6 2 ¢ € ) averaged above the mixed layer deptter EEP in ASO.

Here overbar denotes the climatological annual cycle, and the prime repr
the interannual anomalies.

L A g L o] %] LA ] -4
?_(b E‘(;')—. T ® %_(.0 Uf_(b z E?_G &2‘_ » z
EN 0.06 0.20 -0.05 0.00 -0.03 0.33 -0.13 0.20 0.42
LN 0.13 -0.22 0.11 -0.00 0.05 -0.29 -0.14 -0.14 -0.40
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Figure 4.4 ASO seasonal mean-fg meridionalvertical profile of anomalous ocee
temperature (shadings; uni€), and climatological ocean currents (vectaf# 1/2& O
i andb inpm & J )averaged from 120W to 90W. (ed) Zonalvertical profile
of climatological ocean temperature (shadings; u@it; and anomalous ocean curre

(vectors;0aan @ 4 andvan 1/2 pm & 3 ) along the equatorial regio
(averaged from43 to 2N). Left side is for El Nifo and righ side is for La Nina.

(cold) water upward and poleward, resulting in a warming (cooling) effect on the cold

tongue in ASO.

In Figs.4.4c and dpronouncectastward (westward) mixddyer current anomalies
are expected along the equator during EI Nifo (La Nifa). Because the climatological mean
temperature is larger in the western Pacific and decreases toward the east, the eastward
(westward) zonal current amalies induce anomalous warm (cold) advection. The
eastward (westward) current anomalies induce anomalous downwelling (upwelling) in the
EEP region due to mass continuati¢~ig. 458, which can further induce anomalous

warm (cold) vertical advection situ. To reveal the cause of the anomalous zonal current
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in ASO, we further calculate geostrophic and Ekman current components, following Su et
al. (2010). The result indicates that the anomalous mixed layer zonal current field is
dominated by the geostrog component, while the winthduced Ekman current

component is much weaker and tends to offset the geostrmgrhwonent (Fig. 4.5b).

(a) Vertical Motions and Divergence (b) Zonal Ocean Currents
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Figure 4.5 ASO seasonal (a) anomalous vertical motions (pnit & 3 ), zonal
(Ux) and meridional (Vydivergence processes (unit: p 1 i ); (b) Anomalous
zonal ocean currents, geostrophic zonal currents (UG; ar@: ), Ekman zonal
currents (UE; unitd 3 ). Red and blue bars represent composite results| fidifo
and La Nina, respectively.

Next, we examine ENSO induced thermodynamic effectshisvn in Fig4.2, the
downward longwave radiation plays a positive role. As we know, atmospheric water vapor
is an important greenhouse gas that affects the downward longwave radiative flux
Figs.4.6a-b show an increase (decrease) of atmospheric moisture content in EEP during
El Nifo (La Nifa). Such a moisture change leads to an increase (decrease) of the downward

longwave radiation (Fig<l.6c-d), warming(cooling) the ocean surface in EEP.

The ENSQinduced surface latent heat flux change, on the other hand, tends to offset
partially the ocean dynamegffect (Fig.4.2). To illustrate this thermodynamic effect, we

plotted the horizontal distributions of anomalous surface wind and sea level prek&)re (S
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Figure 4.6 Horizontal distributions of ASO seasonal mean difference -t (@ertical
integrated specific humidity (unit: kg),-(§ downward longwave radiations (unit:Q
a ), (ef) sea level pressure (shadings; unit: hPa), surface wind (vectors), adc
speed (contours; unic 3 ) between climatology an&l Nifo (left), and La Nina
(right); (g-h) Anomalous latent heat flux due to the change of atmospheric states.

80



fields associated with EI Nifo (La Nifa). As showin Figs. 4.6e-f, El Nifo (La Nifa)

induces anomalous northward (southward) cexpsatorial winds over the EEP region.

The anomalous crossjuatorial winds result from an equatorially asymmetric SLP
response to a symmetric SSTA forcing because the mean SST is much warmer north of the
equatoy where isfavorablefor convections resulting inan associated mean rainband
residing therdFig. 4.7). Therefore, 6r example during El Nifo, a positive precipitation
anomaly and associated low pressure anomaly center appear to the northgoiatbe, e
which leads to anomalous northward cregsiatorial winds. Such winds strengthen the
climatological meamorthwardwind (Fig. 4.7) leading to an increase of the wind speed

and thus surface evaporative cooling in EEP @#i6g). An opposite procesvorks during

La Nifa (Fig. 4.6h).
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Figure 4.7 Horizontal distributions oflimatologicalASO seasonal meanrecipitation
(contours; unit: mm) and wind (vectorgit: ¢ 3 ) field.

To sum up, with the aid of the analytical heat budget modetleneonstrate that the
ODH is the dominant contributor for ENSO to affect annual cycl&EEP in ASO.

Specifically, the ENSO impact is through the changes of anomalous temperature advection
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by the mean vertical and meridional currents, anomalous zonal edvassociated with
the geostrophic current, and anomalous upwelling induced vertical advection. Besides, the
ENSO induced thermodynamic processes also play a role. While anomalous water vapor
induced downward longwave radiative flux tends to strengtreendban dynamic impact,

the surface latent heat flux tends to offset the ocean dynamic effect.
4.5 Impact of ENSO on the Annual Cycle during other Seasons
4.5.1ENSOmature phase

In the previous section we focus our diagnosis during the season when the cold tongue
is strongest. Would the impact of ENSO change during the subsequent seasons when the
cold tongue weakens but ENSO amplitude increases first and then decreases? This
motivates us to further examine the subsequent two seasons using the same diagnostic

approach.
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Figure 4.8 NDJ seasonal mean differences betweertE(d)ifo and climatology with
respect to the observed MLT, diagnostic MLT, and the contributions from five indiv
terms averaged over EEP; (b) for La Nina.
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Table 4.3 Decomposed anomalous nine terms of the tdmeensional ODH
(unit: 6 2x ¢ € ) averaged above the mixed layer deptar EEP ifNDJ. Here

overbar denotes the climatological annual cycle, and the prime represer
interannual anomalies.

T

oLl LY el 1wl oty e el 1M 1Y
Yol Fol To|l Fo| Fo| | "Feo "Fu

EN 0.05 0.04 0.00 -0.01 -0.02 0.35 -0.11 0.05 0.45

LN 0.10 -0.05 0.07 0.02 0.06 -0.36 -0.12 -0.03 | -0.52

Figs.4.8a and b show the diagnosis result during the ENSO mature phase (NDJ). Note
that ODH is still the dominant contributor for both El Nifo and La Nifa. While their signs
are kept the same, the downward longwave radiative flux and the surface latent heat flux

become stronger.

Table4.3 shows the contributiorsf individual ocean advection terms in NDJ. Note
that the first two leading terms do not change, that is, the main dynamic contributors are
still the anomalous temperature advections by the mean vertical and meridional currents
(& 07 @ dand U '@ ¢ The amplitude of the two terms appears stronger
compared to the ASO season. The anomalous zonal and vertical advection terms

( 6% cand 0&W § on the other hand, become weaker.

The causes of thaforementioned changes are further examined. As El Nifo and La
Nifa are approximately in a mirror image, we show the compdditifo and La Nifa
patternsn Fig. 4.9. Because ENSO reaches its mature phase, the subsurface and surface
temperature anomaliegtain maximum amplitude during the season $HMg%-b). This

prompts stronger anomalous temperature advections by the mean vertical and meridional
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currents. The weakening ofode"W dand 0 &V ds primarily caused by the decrease

of the mea zonal temperature gradiend anomalousertical currend in EEP (Figs.

4.9¢d). The former is attributed to the annual cycle change as the seasonal mean zonal
temperature gradient is largest during the strongest cold tongue season (ASO). As seen in
Fig. 4103 the weakening of the anomalotestical velocity in the oceanic mixed kayis

mainly attributed to the decrease of zonal current divergence. The anomalous zonal

currents in EEP do not change significantly because enhanced geostrophic currents
associated with the deepened thermocline anomaly are offset by anomaloursduoet!

Ekman currents (Figt.100.
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Figure 4.9 NDJ seasonaiean (gb) meridionalvertical profile of anomalous oces
temperature (shadings; uni€), and climatological ocean currents (vectofg 1/2a O

i and0inpmm a d )averaged fromi20W to 90W. (c -d) Zonatvertical profile
of climatological ocean temperature (shadings; u@it; and anomalous ocean curre

(vectors;0adn @ 3 andvan 1/2 pm & 3 ) along the equatorial regio
(averaged from4S to 2N). Left side is for EI Nifo and right side is for La Nina.
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ENSO induced thermodynamic processes appear a little stronger in NDJ, as shown in
Fig. 4.11. This is understandable as in the ENSO peak phakeEl Nifo for example
0  becomes strongetue to the increased amount of the atmospheric water vapor, and
the latent heat flux also becomes stronger due to strengthened SLP arehoedssal
wind responses to tretrongesSSTA forcing While La Ninafields have opposite signs
resulting in a strong reversed impadbte thathe thermodynamic processes keep the same
effects asanomalous water vapor induced downward longwave radiative flux tends to

strengthen the ocean dynamic impact, the surface latent heat flux tendsttthetfseanic

dynamic heating

(a) Vertical Motions and Divergence
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Figure 4.10A NDJ seasonal (a) anomalous vertical motions (pgnit & J ), zonal
(Ux) and meridional (Vy) divergence processes (anit:p 1 i ); (b) Anomalous
zonal ocean currents, geostrophic zonal currents (UG; ar@: ), Ekman zonal
currents (UE; unitd 3 ). Red and blue bars represent composite results! fdifo
and La Nina, respectively.

4.5.2 ENSO decaying spring

The boreal spring (FMA) is the season of the weakest cold tongue. During this season
the ENSO amplitude also decays rapififyg. 4.1). Therefore, the ENSO impach the

annual cycle is weakest among the three seasons studied4Tabkesurprising resliis
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